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REMARKS 

Claims 22-27 are presented for examination. Applicants respond below to the rejections 
set forth in the final Office Action and maintained by the Examiner in the Advisory Action 
mailed September 3, 2004. 

Rejection under 35 U.S.C. § 101 - Utility 

The Examiner maintains the rejection of the pending claims under 35 U.S.C. § 101 as 
lacking patentable utility. In the final Office Action, the Examiner acknowledged that the 
claimed antibodies to PRO1800 have credible utility, as there is some evidence of overexpression 
of PRO1800 in certain lung tumors in the data presented on page 117 (Example 16 (Gene 
Amplification)). Final Office Action, page 2. In the Advisory Action, however, the Examiner 
maintains that Applicants have not provided evidence of specific and substantial utility for 
PRO 1800, alleging that Applicants have not provided evidence that PRO 1800 is overexpressed 
in tumors. The Examiner asserts that the Polakis, Goddard, Grimaldi and Ashkenazi 
Declarations previously submitted by Applicants are fundamentally flawed. According to the 
Examiner, while these declarations generically state that increased mRNA levels may predict 
increased protein levels, they do not address overexpression of PRO 1800 specifically. Further, 
the Examiner argues that the declarations support the position that increased levels of mRNA do 
not necessarily correlate with increased protein levels. According to the Examiner, evidence of 
overexpression of PRO 1800 nucleic acids does not necessarily show that PRO 1800 itself is 
overexpressed, and therefore the overexpression of the nucleic acids cannot serve as the 
foundation to support the specific utility of the claimed antibodies. The Examiner also asserts 
that there is no expectation that the tumors or samples used to generate the data described on 
page 117 of the specification are representative. Finally, the Examiner alleges that there is no 
diagnosis associated with overexpression of PRO1800, and that there is no evidence that 
PRO1800 is associated with any particular tissue at all. Thus, according to the Examiner, 
PRO 1800 lacks specific utility. 

Applicants respectfully disagree. 
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Utility need NOT be proven to an absolute certainty - A correlation between the evidence and 
the asserted utility is sufficient 

Compliance with 35 U.S.C. § 101 is a question of fact. Raytheon v. Roper, 724 F.2d 951, 
956, 220 USPQ 592, 596 (Fed. Cir. 1983) cert, denied, 469 US 835 (1984), and the evidentiary 
standard to be used throughout ex parte examination in setting forth a rejection is preponderance 
of the totality of the evidence under consideration. In re Oetiker, 977 F.2d 1443, 1445, 24 
USPQ2d 1443, 1444 (Fed. Cir. 1992). Thus, to establish a prima facie case of lack of utility, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art 
would doubt the truth of Applicants' statement of utility. Id. If the PTO meets its burden of 
setting forth sufficient evidence to establish a prima facie case a lack of utility, only then does the 
burden shift to the Applicant to provide rebuttal evidence. In re Brana, 51 F.3d 1560, 1566, 34 
U.S.P.Q.2d 1436 (Fed. Cir. 1995). Such rebuttal evidence does not need to absolutely prove that 
the asserted utility is real. Rather, the evidence only needs to be reasonably indicative of the 
asserted utility. See M.P.E.P. at § 2107.02, part VII (2004). 

In Fujikawa v. Wattanasin, 93 F.3d 1559, 39 U.S.P.Q.2d 1895 (Fed. Cir. 1996), the Court 

of Appeals for the Federal Circuit upheld a PTO decision that in vitro testing of a novel 

pharmaceutical compound was sufficient to establish practical utility, stating the following rule: 

[T]esting is often required to establish practical utility. But the test results need 
not absolutely prove that the compound is pharmacologically active. All that is 
required is that the tests be "reasonably indicative of the desired 
[pharmacological] response." In other words, there must be a sufficient 
correlation between the tests and an asserted pharmacological activity so as to 
convince those skilled in the art, to a reasonable probability, that the novel 
compound will exhibit the asserted pharmacological behavior." Fujikawa v. 
Wattanasin, 93 F.3d 1559, 1564, 39 U.S.P.Q.2d 1895 (Fed. Cir. 1996) (internal 
citations omitted, bold emphasis added, italics in original). 

While the Fujikawa case was in the context of utility for pharmaceutical compounds, the 
principles stated by the Court are applicable in the instant case where the asserted utility is for a 
diagnostic use - utility does not have to be established to an absolute certainty, rather, the 
evidence must convince a person of skill in the art "to a reasonable probability." In addition, the 
evidence need not be direct, so long as there is a "sufficient correlation" between the tests 
performed and the asserted utility. 
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The Court in Fujikawa relied in part on its decision in Cross v. Ilzuka, 753 F.2d 1040, 

224 U.S.P.Q. 739 (Fed. Cir. 1985). In Cross, the Appellant argued that basic in vitro tests 

conducted in cellular fractions did not establish a practical utility for the claimed compounds. 

Appellant argued that more sophisticated in vitro tests using intact cells, or in vivo tests, were 

necessary to establish a practical utility. The Court in Cross rejected this argument, instead 

favoring the argument of the Appellee: 

[I\n vitro results... are generally predictive of in vivo test results, i.e., there is a 
reasonable correlation therebetween. Were this not so, the testing procedures of 
the pharmaceutical industry would not be as they are. [Appellee] has not urged, 
and rightly so, that there is an invariable exact correlation between in vitro test 
results and in vivo test results. Rather, [Appellees] position is that successful in 
vitro testing for a particular pharmacological activity establishes a significant 
probability that in vivo testing for this particular pharmacological activity will be 
successful. Cross v. Ilzuka, 753 F.2d 1040, 1050, 224 U.S.P.Q. 739 (Fed. Cir. 
1985) (emphasis added). 

Fujikawa and Cross establish that the legal standard for demonstrating utility is a 
relatively low hurdle. An Applicant need only provide evidence such that it is more likely than 
not that a person of skill in the art would be convinced, to a reasonable probability, that 
the asserted utility is true. Under the holding in Cross, Applicants need not establish that 
amplification of the PRO 1800 gene necessarily results in PRO 1800 polypeptide overexpression 
in order to satisfy the requirements under 35 U.S.C. § 101 for utility. Rather, Applicants need 
only establish that given the gene amplification data set forth in Example 16, there is a significant 
probability that the overexpression of PRO 1800 polypeptides tracks gene amplification in colon 
and lung tumors. 

Even assuming that the PTO has met its initial burden to offer evidence that one of 
ordinary skill in the art would reasonably doubt the truth of the asserted utility, which Applicants 
maintain is not the case, Applicants assert that they have met their burden of providing rebuttal 
evidence such that it is more likely than not those skilled in the art, to a reasonable probability, 
would believe that the PRO 1800 polypeptide is useful as a diagnostic tool for cancer. 
PRO 1800 has a specific and substantial utility in the diagnosis and treatment of colon and lunz 
tumors 

Applicants submit that the evidence of record establishes a specific and substantial utility 
for PRO1800 polypeptides in the diagnosis and treatment of cancer. In particular, Applicants 
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have submitted the data provided in Example 16 of the instant specification showing that the 
gene encoding PRO 1800 is amplified at least two-fold in certain colon and lung tumors. The 
specification states that "[a]mplification is associated with overexpression of the gene product, 
indicating that the polypeptides are useful targets for therapeutic intervention in certain cancers. . 
.and diagnostic determination of the presence of those cancers." 

Having asserted substantial and specific utility for PRO 1800, the burden is thus on the 
PTO to establish that it is more likely than not that one of skill in the art would doubt the truth of 
the asserted utilities, i.e., it is more likely than not that one of skill in the art would doubt that 
PRO 1800 is overexpressed based on the gene amplification data. Applicants respectfully submit 
that the PTO has failed to provide evidence showing that it is more likely than not one of skill in 
the art would doubt that PRO1800 levels correlate with gene amplification. 

The Examiner relies on Konopka et al (PNAS 83:4049-4052 (1986)) and Pennica et al. 
(PNAS, 95:14717-14722 (1998)), for the proposition that there is no necessary relationship 
between nucleic acid expression in a cell and protein expression. As Applicants have pointed 
out, these references do not support the PTO's position. First, the Examiner alleges that 
Konopka's statement "[p]rotein expression is not related to amplification of the abl gene but to 
variation in the level of bcr~abl mRNA produced from a single Phi template" shows that gene 
amplification and protein overexpression are not necessarily correlated. In fact, the bcr-abl 
mRNA levels described in Konopka arose from the result of a chromosomal translocation. Thus, 
Konopka merely shows that gene amplification is not the only way by which proteins can be 
overexpressed, a fact long recognized in the art. See, e.g., Benjamin Lewin, Genes V, 5 th ed. 
1994, pages 1 196-1201, submitted herewith as Exhibit 1. Pennica et al also does not support the 
Examiner's proposition that it is more likely than not that gene amplification and protein 
overexpression are not correlated. Although Pennica reported apparent amplification of the 
WISP -2 gene without a concomitant increase in mRNA levels, the authors took care to point out 
that the "apparent amplification" of the gene encoding WISP-2 may have been an artifact. 
(Pennica at 14722). In sum, the two references relied upon by the Examiner in the Final Office 
Action do not provide strong, if any, support for a prima facie showing of lack of utility. 
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Those of skill in the art believe that a correlation more likely than not exists between levels of 
gene amplification and corresponding proteins 

Applicants submit that specific and substantial utility for PRO1800 polypeptides is 
established by showing that those of skill in the art recognize that there is a general correlation 
between gene amplification and altered protein levels. Specifically, those of skill in the art 
would not doubt that the PRO 1800 polypeptides are overexpressed in colon and lung tumors and 
are therefore useful diagnostic tools and therapeutic targets as described in the specification. As 
discussed above, the evidence of utility does not need to be a necessary connection between 
PRO 1800 gene amplification and PRO 1800 protein expression. Rather, Applicants need only 
establish that it is more likely than not that a person of skill in the art would be convinced, to a 
reasonable probability, that PRO1800 polypeptides and antibodies that bind thereto are useful as 
targets for therapeutics and as diagnostic tools. 

The teachings in Genes V, a leading textbook in the field, illustrate that at the time the 
instant application was filed, it was well known by those of skill in the art that gene amplification 
leads to overexpression of the corresponding gene product. Benjamin Lewin, Genes V, 5 th ed. 
1994, pages 1196-1201, submitted herewith as Exhibit 1. In a section entitled "Insertion, 
translocation, or amplification may activate proto-oncogenes", the text describes various 
molecular events that lead to overexpression of a gene product, using the c-myc gene as an 
example. The first mechanism taught is insertion of a retrovirus upstream of the gene which 
causes it to be driven by a more efficient promoter, resulting in increased mRNA and protein 
levels. Next, Lewin teaches that chromosomal translocations may bring a gene to a new region 
where it is actively expressed, resulting in increased gene and protein expression. The third 
mechanism whereby protein levels of oncogenes are overexpressed is gene amplification. The 
text emphasizes that the common thread among the different means of activation of proto- 
oncogenes is that the expression of the gene is increased. Thus, as of 1994, it was well-known in 
the art that gene amplification is correlated with overexpression of the corresponding mRNA and 
encoded protein. 

Additional information regarding the understanding of those of skill in the art regarding 
the relationship between gene amplification and protein overexpression at the time the instant 
application was filed is found in Alitalo (Med. Biol.,. 62:304-317 (1984), submitted herewith as 
Exhibit 2), and Merlino et al. (J. Clin. Invest., 75:1077-1079 (1985), submitted herewith as 
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Exhibit 3). Alitalo teaches gene amplification of oncogenes results in elevated expression of the 
gene, and that the increased dosage of the gene product may contribute to the progression of 
some cancers. Merlino et al. studied epidermoid carcinoma cells, and teach that amplification of 
the EGF receptor gene results in increased levels of EGF receptor mRNA and increased levels of 
EGF receptor protein. Taken together, the excerpt from Genes V, as well as the Alitalo and 
Merlino references, establish that as of the filing date of the instant application, those of skill in 
the art appreciated the correlation between gene amplification and overexpression of the encoded 
gene product. 

The teachings of Genes V, Alitalo, and Merlino are confirmed in several more recent 
reports that also document the correlation between gene amplification and levels of protein. 
Applicants submit herewith two more recent studies providing evidence that the teachings 
referred to above are still widely accepted by those of skill in the art. Bahnassy et al. (BMC 
Gastroenterology, 4:22-34 (2004), submitted herewith as Exhibit 4) studied the amplification of 
cyclin Dl, cyclin A, histone H3 and Ki-67, and assessed the levels of the encoded proteins by 
immunohistochemistry. Bahnassy et al found a "significant correlation between cyclin Dl gene 
amplification and protein overexpression" (Bahnassy at 27, column 1). Similarly, Blancato et al 
(British Journal of Cancer, 90(8), 1612-1619 (2004), submitted herewith as Exhibit 5), report that 
overexpression of c-myc mRNA and c-Myc protein is related to the copy number of the c-myc 
amplification (Blancato at 1613, column 2). Bahnassy and Blancato demonstrate continued 
evidentiary support for the widely-accepted principle that gene amplification correlates with 
overexpression of the encoded protein. 

Several references also document the correlation between gene copy number and mRNA 
levels. The teachings in Molecular Biology of the Cell, a leading textbook in the field (Bruce 
Alberts, et al., Molecular Biology of the Cell (4 th ed. 2002) submitted herewith as Exhibit 6), 
support the previously submitted testimony of Polakis and Grimaldi regarding the correlation 
between mRNA levels and protein levels. Figure 6-3 on page 302 illustrates the basic principle 
that there is a correlation between increased gene expression and increased protein expression. 
The accompanying text states that "a cell can change (or regulate) the expression of each of its 
genes according to the needs of the moment - most obviously by controlling the production of its 
mRNA." Id. at 302, emphasis added. Similarly, figure 6-90 on page 364 illustrates the path from 
gene to protein. The accompanying text states that while potentially each step can be regulated 
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by the cell, " the initiation of transcription is the most common point for a ceil to regulate 

the expression of each of its genes / 9 Id. at 364, This point is repeated on page 379, where the 

authors state that of all the possible points for regulating protein expression, " [flor most genes 

transcriptional controls are paramount ." Id. at 379. Thus, in light of the general 

understanding that mRNA levels typically correlate with protein levels, the several references 

correlating gene amplification with increased mRNA levels provide strong evidence that the 

levels of PRO 1800 polypeptides tracks the gene copy number. For example, Ornoft et al 

(Molecular and Cellular Proteomics, 1:37-45 (2002), submitted herewith as Exhibit 7) studied 

transcript levels of 5600 genes in malignant bladder cancers which were linked to a gain/loss of 

chromosomal material using an array-based method. Ornoft et al found "in general (18 of 23 

cases) chromosomal areas with more than 2-fold gain of DNA showed a corresponding increase 

in mRNA transcripts" (Ornoft at 37, column 1, abstract). Hyman et al (Cancer Research, 

62:6240-6245 (2002), submitted herewith as Exhibit 8) used CGH analysis and microarrays to 

compare DNA copy numbers and mRNA expression of over 12, 000 genes in breast cancer 

tumors and cell lines. They showed that there is "evidence of a prominent global influence of 

copy number changes on gene expression levels" (Hyman at 6244, column 1, last paragraph). 

Pollack et al (PNAS, 99:12963-12968 (2002), submitted herewith as Exhibit 9) studied a series 

of primary human breast tumors. Pollack et al report "changes in DNA copy number have a 

large, pervasive, direct effect on global gene expression patterns in both breast cancer cell lines 

and tumors." (Pollack at 12967, column 1). Meric et al (Molecular Cancer Therapeutics, 1:971- 

979 (2002), submitted herewith as Exhibit 10), teaches: 

The fundamental principle of molecular therapeutics in cancer is to exploit the 
differences in gene expression between cancer cells and normal cells... [M]ost 
efforts have concentrated on identifying differences in gene expression at the level 
of mRNA, which can be attributable to either DNA amplification or to differences 
in transcription. Meric et al. at 971 (emphasis added). 

Together, the previously submitted declarations with their accompanying references, the 
excerpt from Genes V, and the references discussed above, establish that the accepted 
understanding in the art is that there is a reasonable correlation between gene amplification and 
the level of the corresponding mRNA and protein. As the Examiner correctly points out, while 
an increase in gene copy number does not necessarily correlate with an increase in protein 



-8- 



Appl. No. : 10/033,244 

Filed : December 27, 2001 



expression, Applicants respectfully submit that the Examiner is requiring Applicants to establish 
to a certainty that PRO 1800 is also overexpressed, rather than whether one of ordinary skill in the 
art would more likely than not believe that PRO 1800 is overexpressed in colon and lung tumors 
showing amplification of the gene. Applicants have provided sufficient evidence to establish that 
it is more likely than not that one of skill in the art would believe that, because the gene encoding 
PRO 1800 is amplified at least two-fold in several colon tumors and lung tumors, the PRO 1800 
polypeptide is expressed at a higher level in these tumors. Thus, in light of all the evidence on 
the record, Applicants submit that one of skill in the art is more likely than not to believe 
Applicants' asserted utilities for PRO1800. 

The claimed antibodies would have diagnostic utility even if there is no direct correlation 
between gene amplification and protein expression 

The evidence on the record establishes that it is more likely than not that one of skill in 
the art would believe that there is a correlation between gene amplification and overexpression of 
the gene and gene product. However, even assuming arguendo that this was not the case, the 
claimed antibodies would still have specific and substantial utility. 

As explained in paragraph 6 of the previously submitted Ashkenazi Declaration: 

Even when amplification of a cancer marker gene does not result in significant 
over-expression of the corresponding gene product, this very absence of gene 
product over-expression still provides significant information for cancer 
diagnosis and treatment. Thus, if over-expression of the gene product does not 
parallel gene amplification in certain tumor types but does so in others, then 
parallel monitoring of gene amplification and gene product over-expression 
enables more accurate tumor classification and hence better determination of 
suitable therapy. In addition, absence of over-expression is crucial information 
for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a 
patient with agents that target that gene product. 

This statement is echoed by Grimaldi in his previously submitted declaration at paragraph 
6, and is further supported by the teachings in the article by Hanna and Mornin (Pathology 
Associates Medical Laboratories, (1999), submitted herewith as Exhibit 11). The article teaches 
that the HER-2/neu gene has been shown to be amplified and/or overexpressed in 10%-30% of 
invasive breast cancers and in 40-60% of intraductal breast carcinoma. Further, the article 
teaches that diagnosis of breast cancer includes testing both the amplification of the HER-2/neu 
gene (by FISH) as well as the overexpression of the HER-2/neu gene product (by IHC). Even 
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when the protein is not overexpressed, the assay relying on both tests leads to a more accurate 
classification of the cancer and a more effective treatment of it. Press et ah (J. Clin. Oncol., 
20:3095-3115, (2002), submitted herewith as Exhibit 12). Press stresses "the importance of 
HER2/neu in breast cancer treatment decision making has focused attention on the ability of 
various clinical assays to correctly assign HER-2/neu amplification and expression status. (Press 
at 3095, Col. 1). Press teaches that measurement of gene amplification by fluorescent in situ 
hybridization (FISH) accompanied by immunohistochemical assays with anti-HER-2 antibodies 
is desirable in determining whether antibody therapy is appropriate for the treatment of breast 
cancer. Thus, the evidence of record establishes another utility for PRO 1800 polypeptides based 
on the gene amplification data. 

Applicants have established that it is the general, accepted understanding in the art that 
gene amplification leads to increased gene and protein expression. Because this is the general 
rule, even when this is not the case, a polypeptide encoded by a gene that is amplified in tumors 
would still have utility. Applicants have provided two references establishing the utility of 
measuring the gene product of an amplified gene. These references submitted herewith 
demonstrate a "reasonable" confirmation of the asserted utility for the claimed antibodies. 

In view of the foregoing, Applicants respectfully request that the Examiner reconsider and 
withdraw the rejections under 35U.S.C. §101. 
Conclusion 

Applicants have established that it is the general, accepted understanding in the art that 
gene amplification leads to increased gene and protein expression. Of particular significance is 
the fact that the statements in the Genes V excerpt, as well as the general statements in the 
references submitted herein, have identified the general understanding in the field regarding the 
correlation between gene amplification and overexpression of the gene and gene product. The 
references relied upon by the Examiner do not weaken Applicants' showing. Applicants 
respectfully submit that the totality of the above-cited evidence clearly establishes that those of 
skill in the art would believe that amplification of the gene more likely than not correlates with 
increased protein levels. In light of the fact that Applicants need not show a necessary 
correlation between gene amplification and protein levels, Applicants respectfully submit that 
they have rebutted any prima facie case of non-utility and non-enablement the Examiner may 
have established. Accordingly, Applicants request withdrawal of the rejection of Claims 22-27. 
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Rejection under 35 U.S.C. § 112, first paragraph - Enablement 

The Examiner maintains the rejection of Claims 22-27 under 35 U.S.C. § 112, first 
paragraph, as not being enabled by the specification. Specifically, the Examiner asserts that since 
PRO 1800 has no utility, the claimed antibodies are not enabled. 

For the reasons set forth above, Applicants submit that PRO 1800 and antibodies that bind 
PRO 1800 have credible, substantial, and specific utility. Thus, Applicants respectfully request 
that the Examiner reconsider and withdraw the rejections under 35 U.S.C. § 1 12, first paragraph. 



In view of the above, Applicants respectfully maintain that the claims are patentable and 
request that they be passed to issue. Applicants invite the Examiner to call the undersigned if any 
remaining issues may be resolved by telephone. 

Please charge any additional fees, including any fees for additional extension of time, or 
credit overpayment to Deposit Account No. 1 1-1410. 



CONCLUSION 



Respectfully submitted, 



KNOBBE, MARTENS, OLSON & BEAR, LLP 




Attorney of Record 
Customer No. 30,313 
(619) 235-8550 
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~10x). Also, some tumor lines have amplified ras 
genes. A 20-fold increase in the level of a nontrans- 
forming Ras protein is sufficient to allow the 
transformation of some cells. The effect has not 
been fully quantitated, but it suggests the general 
conclusion that oncogenesis depends on over- 
activity of Ras protein, and is caused either by 
increasing the amount of protein or (probably more 
efficiently) by a variety of mutations that increase 
the activity of the protein. 

Transfection by DNA can be used to transform 
only certain cell types. Although transforming 
oncogenes have been isolated from both rodent and 



human cells, most targets for transformation by 
transfection with oncogenes have been rodent 
fibroblasts in culture. (In fact, the difference in the 
source of the oncogene [human] and the recipient 
cell [rodent] is an important factor in allowing 
the donor gene to be distinguished unequivocally 
from recipient DNA.) Limitations of the assay 
explain why relatively few oncogenes have 
been detected by transfection. This system has 
been most effective with ras genes, where there 
is extensive correlation between mutations that 
activate c-ras genes in transfection and the 
occurrence of tumors. 



Insertion, translocation, or amplification may activate V 
proto-oncogenes 



A variety of genomic changes can activate proto- 
oncogenes, sometimes involving a change in the 
target gene itself, sometimes activating it without 
changing the protein product. In cases of insertion 
and translocation, there is evidence that the 
genomic change is the causative event; in cases of 
amplification there is a correlation with tumori- 
genesis, but no direct proof for a causative role. 

Many tumor cell lines have visible regions of 
chromosomal amplification, as shown by homo- 
geneously staining regions (see Figure 36.27) or 
double minute chromosomes (see Figure 36.28). In 
some cases, the amplified region contains a known 
oncogene or a gene related to one. In other cases, 
where amplification is not visible, the use of 
batteries of probes representing oncogenes shows 
that a particular oncogene is amplified. Examples 
of oncogenes that are amplified in various tumors 
include c-myc, c-abl, c-myb, c-erbB, and c-K-ras. 

Established cell lines are prone to amplify genes 
(it is one of several karyotypic changes to which 
they are susceptible). All the same, the presence of 
known oncogenes in the amplified regions, and the 
consistent amplification of particular oncogenes in 
many independent tumors of the same type, again 



strengthens the correlation between increased 
expression and tumor growth. Of course, it is 
possible that the gene amplification gives an 
advantage to growth of the established tumor; it is 
not necessarily an event involved in its initiation. 

Some proto-oncogenes are activated by events 
that change their expression, but which leave their 
coding sequence unaltered. The best characterized 
is c-myc, whose expression is elevated by several 
mechanisms. One common mechanism is the 
insertion of a nondefective retrovirus in the vicinity 
of the gene. 

The ability of a retrovirus to transform without 
expressing a v-onc sequence was first noted during 
analysis of the bursal lymphomas caused by the 
transformation of B lymphocytes with avian virus. 
Similar events occur in the induction of T cell 
lymphomas by murine leukemia virus. In each case, 
the transforming potential of the retrovirus seems to 
lie with its LTR rather than with a coding sequence. 

In many independent tumors, the virus has 
integrated into the cellular genome within or close 
to the c-myc gene. The gene consists of three 
exons; the first represents a long nontranslated 
leader, and the second two code for the c-Myc 
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protein. Figure 59.8 summarizes the types of in- 
sertion at this locus. The retrovirus may be inserted 
at a variety of locations relative to the c-myc gene. > 

The simplest insertions to explain are those that 
occur within the first intron. The LTR provides a 
promoter, and transcription reads through the two 
coding exons. Transcription of c-myc under viral 
control differs in two ways from its usual expres- 
sion: the level of expression is increased (because 
the LTR provides an efficient promoter); and the 
transcript lacks its usual nontranslated leader 
(which may usually limit expression). 

Activation of c-myc in the other two classes of 
insertions reflects different mechanisms. The 
retroviral genome may be inserted within or 
upstream of the first intron, but in reverse orienta- 
tion, so that its promoter points in the wrong 
direction. Probably the LTR provides an enhancer 
that acts on an upstream sequence that fortuitously 
resembles a promoter. The retroviral genome also 
may be inserted downstream of the c-myc gene, in 
which case transcription initiates at the usual c-myc 
promoter (s), but is increased by the enhancer in the 
retroviral LTR. 

In all of these cases, the coding sequence of c-myc 
is unchanged, so oncogenicity is attributed to the loss 
of normal control, and increased expression, of the 
gene. 

Other oncogenes that are activated in tumors by 
I the insertion of a retroviral genome include c-erbB, 
I c-myb, c-mos, c-H-ras, and c-raf. Up to 10 other cel- 
I lular genes (not previously identified as oncogenes 
f by their presence in transforming viruses) are 
implicated as potential oncogenes by this criterion. 
The best characterized among this latter class are 
wntl and int2. The wntl gene codes for a protein 
pnvolved in early embryogenesis that is related to 
the wingless gene of Drosophila; int2 codes for a 
|growth factor related to FGF. 
f Translocation to a new chromosomal location is 
another of the mechanisms by which oncogenes are 
Activated. Certain chromosomal translocations are 
►consistently associated with activation of onco- 
genes that lie near the breakpoints. This situation 
as originally discovered via a connection 
etween the loci coding immunoglobulins and the 



Figure 39.8 
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occurrence of certain tumors. Specific chromo- 
somal translocations are often associated with 
plasmacytomas in the mouse and with Burkitt 
lymphomas in man. These tumors arise from 
undifferentiated B lymphocytes. The common 
feature in both species is that an oncogene on one 
chromosome is brought into the proximity of an Ig 
locus on another chromosome. Similar events 
occur in T lymphocytes to bring oncogenes into the 
proximity of a TcR locus. 

The basic cause of the translocation event is a 
malfunction of the system responsible for recom- 
bining V and C genes or switching between IgH 
C genes. Instead of acting on two sites within the Ig 
or TcR locus, the system recombines the immune 
locus with an unrelated region on a different 
chromosome. This results in a reciprocal 
translocation, which is illustrated in Figure 59.9. 

We do not know the basis for the involvement of 
the nonimmune partner, but in both man and 
mouse it is often the c-myc locus. In man, the 
translocations in B cell tumors usually involve chro- 
mosome 8, which carries c-myc, and chromosome 
14, which carries the IgH locus; -10% involve chro- 
mosome 8 and either chromosome 2 (k locus) 
or chromosome 22 (lambda locus). The trans- 
locations in T cell tumors often involve 
chromosome 8, and either chromosome 14 (which 
has the TcRa locus at the other end from the Ig locus) 
or chromosome 7 (which carries TcR locus). 
Analogous translocations occur in the mouse. 

Translocations at the IgH locus in B cells fall into 
two classes. One type is similar to those observed 
at other Ig loci and at TcR loci, involving the 
consensus sequences used for V-D-J somatic 
recombination of active Ig genes. In the other type, 
the translocation occurs at a switching site, so these 
cases may be associated with function of the 
system that switches expression from one C H gene 
to another. 

When c-myc is translocated to the Ig locus, its 
level of expression is usually increased. The 
increase varies considerably among individual 
tumors, generally being in the range from 2 to 10. 
Why does translocation activate the c-myc gene? 
The translocation event does not involve fixed sites, 



Figure 39.9 




but occurs at a variety of locations within a general 
region on each recombining chromosome. The 
event has two consequences: c-myc is brought into 
a new region, one in which an Ig or TcR gene was 
actively expressed; and the structure of the c-myc 
gene may itself be changed (but usually not involv- 
ing the coding regions). It seems likely that several 
different mechanisms can activate the c-myc gene 
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§; in its new location (just as retroviral insertions 
II- ' activate c-myc in a variety of ways), 
jg The correlation between the tumorigenic 
'| t ; phenotype and the activation of c-myc by either 
| insertion or translocation suggests that continued 
1 high expression of the c-Myc protein is oncogenic. 
H Expression of c-myc must be switched off to enable 
|£ iirunature lymphocytes to differentiate into mature 
I ; B and T cells; failure to turn off c-myc maintains the 
g cells in the undifferentiated (dividing) state. The 
I oncogenic potential of c-myc has been demon- 
ic strated directly by the creation of transgenic mice 
J; carrying a normal c-myc gene linked to an 
| enhancer. Transgenic mice carrying a c-myc gene 
f linked t0 a B lymphocyte-specific enhancer (the IgH 
| enhancer) develop lymphomas. The tumors repre- 
I sent both immature and mature B lymphocytes, 
| suggesting that over-expression of c-myc is tumori- 
y genie throughout the B cell lineage. Transgenic 
4| mice carrying a c-myc gene under the control of the 
I LTR from a mouse mammary tumor virus, 
| however, develop a variety of cancers, including 
I mammary carcinomas. This suggests that 
* increased or continued expression of c-myc trans- 
| forms the type of cell in which it occurs into a 
: corresponding tumor. Specificity of the tumor type 
f ma y therefore depend on the mechanism used 
| to activate c-myc; it is not an intrinsic property 
| of the gene. 

c-myc exhibits three means of oncogene 
b activation: retroviral insertion, chromosomal 
| translocation, and gene amplification. The com- 
| mon thread among them is increased expression of 
I the oncogene rather than a qualitative change in its 
| coding function, although in at least some cases 
I the transcript has lost the usual (and possibly 
regulatory) nontranslated leader, c-myc provides 
the paradigm for oncogenes that may be effectively 
activated by increased (or possibly altered) 
expression. 

Every translocation generates reciprocal prod- 
ucts; sometimes a known oncogene is activated in 
one of the products, but in other cases it is not 
evident which of the reciprocal products has 
't res Ponsibility for oncogenicity. Also, it is not 
g axiomatic that the gene(s) at the breakpoint have 



responsibility; for example, the translocation could 
provide an enhancer that activates another gene 
nearby. 

A variety of translocations found in B and T cells 
have identified new oncogenes. In some cases, the 
translocation generates a hybrid gene, in which an 
active transcription unit is broken by the transloca- 
tion. This has the result that the exons of one gene 
may be connected to another. In such cases, there 
are two potential causes of oncogenicity: the proto- 
oncogene part of the protein may be activated in 
some way that is independent of the other part, for 
example, because it is over-expressed under its 
new management (a situation directly comparable 
with the example of c-myc); or the other partner in 
the hybrid gene may have some positive effect that 
generates a gain-of-function in the part of the 
protein coded by the proto-oncogene. 

One of the best characterized cases in which a 
translocation creates a hybrid oncogene is provided 
by the Philadelphia (PH>) chromosome present 
in patients with chronic myelogenous leukemia 
(CML). This reciprocal translocation is too small to 
be visible in the karyotype, but links a 5,000 kb 
region from the end of chromosome 9 carrying c-abl 
to the bcr region of chromosome 22. The bcr (break- 
point cluster region) was originally named to 
describe a region of -5.8 kb within which break- 
points occur on chromosome 22. Different cases of 
CML have breakpoints at different locations within 
this region. 

The consequences of this translocation are sum- 
marized in Figure 39. 10. The bcr region lies within 
a large (>90 kb) gene, which is now known as the 
bcr gene. The breakpoints in CML usually occur 
within one of two introns in the middle of the gene. 
The same gene is also involved in translocations 
that generate another disease, ALL (acute lym- 
phoblastic leukemia) ; in this case, the breakpoint in 
the bcr gene occurs in the first intron. 

The c-abl gene is expressed by alternative 
splicing that uses either of the first two exons. The 
breakpoints in both CML and ALL occur in the 
intron that precedes the first common exon. 
Although the exact breakpoints on both chro- 
mosomes 9 and 22 vary in individual cases, the 
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Figure 39.10 
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common outcome is the production of a transcript 
coding for a Bcr-Abl fusion protein, in which 
N-terminal sequences derived from bcr are linked 
to c-abl sequences. In ALL, the 185,000 dalton 



fusion protein has -45,000 daltons of the Bcr protein 
linked to c-Abl; in CML the fusion protein of 210,000 
daltons has -70,000 daltons of the Bcr protein. In 
each case, the fusion protein contains -140,000 
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daltons of the usual -145,000 c-Abl protein, that is, 
it has lost just a few N-terminal amino acids of the 
c-Abl sequence. 

Why is the fusion protein oncogenic? It relies 
on an interaction between the N-terminal region 
provided by bcr with the c-Abl protein. The bcr gene 
has a variety of sequence motifs related to proteins 
involved in signalling pathways, but the pertinent 
one is a serine/threonine kinase activity that is 
coded within the first exon. This autophosphory- 
lates residues in this part of the protein, and the 
phosphorylation confers the ability to interact with 
a region of the c-Abl protein called the SH2 domain 
(we discuss the nature of SH2 domains later). This 



raises the possibility that the Bcr part of the pro- 
tein interacts with the c-Abl sequences, perhaps 
changing their conformation and activating a 
latent oncogenic potential. 

Changes at the N-terminus are involved in the 
activation of oncogenic activity of v-abl, a trans- 
forming version of the gene carried in a retrovirus. 
The c-abl gene codes for a tyrosine kinase activity; 
this activity is essential for transforming potential 
in oncogenic variants. Deletion (or replacement) of 
the N-terminal region activates the kinase activity 
and transforming capacity. So the N-terminus 
provides a domain that usually regulates kinase 
activity; its loss may cause inappropriate activation. 



Loss of tumor suppressors causes tumor formation 



The common theme in the role of oncogenes in 
tumorigenesis is that increased or altered activity of 
the gene product is oncogenic. Whether the onco- 
gene is introduced by a virus or results from a 
mutation in the genome, it is dominant over its 
allelic proto-oncogene(s). A mutation that activates 
| a single allele is tumorigenic. Tumorigenesis then 
results from gain of a function. 

Certain tumors are caused by a different mech- 
anism: loss of both alleles at a locus is tumorigenic. 
| Propensity to form such tumors may be inherited 
; through the germline; it also occurs as the result of 
r somatic change in the individual. Tumorigenesis 
thenresults from loss of function. Such cases iden- 
tify tumor suppressors: genes whose products are 
I needed for normal cell function, and whose loss of 
I function causes tumors. The two best characterized 
genes of this class code for the proteins RB and p53. 

Retinoblastoma is a human childhood disease, 
involving a tumor on the retina. It occurs both as a 
; heritable trait and sporadically (by somatic muta- 
|tion). It is often associated with deletions of band 
■ql4 of human chromosome 13. The RB gene has 
been localized to this region by molecular cloning. 
Figure 39.11 illustrates the situation. 



Retinoblastoma arises when both copies of the RB 
gene are inactivated. In the inherited form of the 
disease, one parental chromosome carries an alter- 
ation in this region, usually a deletion. A somatic 
event in retinal cells that causes loss of the other 
copy of the RB gene causes a tumor. In the sporadic 
form of the disease, the parental chromosomes are 
normal, and both RB alleles are lost by (individual) 
somatic events. 

Almost half the cases of retinoblastoma show 
deletions at the .RB locus. In other cases, transcripts 
of the locus are either absent or altered in length. 
The protein product is absent from retinoblastoma 
cells. The cause of the tumor is therefore loss of 
protein function, usually resulting from mutations 
that prevent gene expression (as opposed to point 
mutations that affect function of the protein prod- 
uct). Loss of RB is involved also in other forms of 
cancer, including osteosarcomas and small cell 
lung cancers. 

What is the molecular function of RB? It interacts 
with a variety of other proteins, including several 
tumor antigens: SV40 T antigen, adenovirus E1A, 
human papilloma virus E7. One possibility is that 
part of the oncogenicity of these proteins is due to 
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AMPLIFICATION OF CELLULAR ONCOGENES IN CANCER CELLS 
K. ALITALO 

FROM THE DEPARTMENT OF VIROLOGY. UNIVERSITY OF HELSINKI, HELSINKI, FINLAND 

ABSTRACT 

Regulatory or structural alterations of cellular oncogenes have been implicated in the causation of v ,ri 
cancers. Oncogene alteration by point mutations can result in a protein product with strongly enhanced?.? 
cogenic potential. Aberrant expression of cellular oncogenes may be due to tumour-SDecificvh r „n? „ ° n [ 
translocations that deregulate the normal functions of a proto-oncogene ZSEcatton of StaEHE? 
genes can also augment their expression by increasing the amount of DNA template available fo- he r « 
duction of mRNA. It appears that amplification of certain oncogenes is a common correlate of the Z« 
«f ? ™°Li 0m Z T?"S" an< ? a,sooccurs as a rare sporadic event affecting various oncogenes in differed tvne, 
1 % ?? ' ^ m ? W,ed ,^. p,e ? ° f °? co 8ene S may or may not be associated with chromosomal abnorn ah ■ 
signifying DNA amplification: double minute chromosomes and homogeneously staining chromoso 
regions. Amplified oncogenes, whether sporadic or tumour type-specific, are expressed at elevated lev el* 
in some cases in ce Is where their diploid forms are normally silent. Increased dosage of an amu^fled 
oncogene may contribute to the multistep progression of at least some cancers. amplified 
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DNA SEQUENCE AMPLIFICATION AND 
CYTOGENETIC ABNORMALITIES 
IN TUMOURS 

Since its discovery in drug-resistant eukaryotic 
cells, somatic amplification of specific genes 
has been implicated in an increasing variety 
of adaptive responses of cells to environmental 
stresses (70/ 79). Cytogenetic abnormalities, 
double minute chromosomes (dmin:s) asso- 
ciated with DNA amplification had already 
been discovered in tumour cells before the 
discovery of dmims and homogeneously stain- 
ing chromosomal regions (HSR:s) in cells se- 
lected for drug-resistance (12, 24, 49, 50, 56). 
In metaphase spreads, dmin:s appear as small, 
spherical, usually paired chromosome — like 
structures that lack a centromere (Fig. 2). HSR:s 
stain with intermediate intensity throughout 
their length rather than with the normal pat- 
tern of alternating dark and light bands in 
both trypsin-Giemsa (Fig. 3A) and quinacrine 
dihydrochloride-stained preparations. Both 
kinds of abnormalities are occasionally found 
in metaphases of freshly isolated cancer cells 
but not of normal cells (8). 

Dmin:s and HSR:s are apparently rare in 
tumour cells in vivo, although exact data are 



difficult to obtain since the abnormalities are 
easily missed in routine cytogenetic analysis 
(8, 42). Dmims and HSR:s have been de- 
scribed in most types of in vitro-cultured malig- 
nant tumour cells, with a notable frequency 
in neuroblastoma cell lines (11). Initial growth 
in cell culture apparently selects for tumour 
cells that contain either dmin:s or HSR:s. 
Moreover, in culture dmims are frequently 
lost, concomitant with the appearance of 
clonal populations of cells that have devel- 
oped an HSR, suggesting that the two cyto- 
genetic abnormaltities are alternative forms of 
gene amplification and that HSR:s may confer 
a selective advantage on cells over dmims (11, 
70). It has been assumed that HSR:s can break 
down to firm dmims and that dmims can in- 
tegrate into chromosomes to generate HSR:s 
(11, 23). Amplified genes may also occupy ab- 
normally banding regions, ABR:s (51, 59). Ex- 
perimental work on drug-resistant cells has 
shown that in the absence of a selection pres- 
sure (drug), dmims and the amplified genes 
that they contain are lost, whereas amplified 
DNA in the form of HSR:s is retained in the 
cells (71). This is explained by the fact that 
dmims are segregated unevenly in mitosis and 
frequently get lost from the nucleus due to 
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Amplification of cellular oncogenes in cancer cells 

TABLE 1 
Currently known oncogenes. 
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ONCOGENES FOUND IN RETROVIRUSES 
Retrovirus Oncogene 

texamnlel 


Gene product 




1 tr i 




Cellular location 


Function of protein 


Class 


RSV 

Y73V 

GR-FeSV 

Ab-MuLV 

FuSV 

ST-and 

GA-FeSV 

UR2V 


sre 
yes 
fgr 
abl 
fps/fes 

fes/fps 

ros 


Plasma membrane 
Plasma membrane 
Plasma membrane 
Plasma membrane 
Cytoplasm 
(plasma membrane?) 
Cytoplasm 
(cytoskeleton?) 


Tyrosine-specific 
protein kinases 
[fgr contains, sequences 
homologous to actin) 


Class la (Cytoplasmic 
tyrosine protein kinases) 


AEV 

SM-FeSV 

MH-2V 

3911-MSV 

Mo-MSV 


erb-B 

fms 

mil/raf 
raf/mil 
mos 


Plasma membrane 
and cytoplasmic 
membranes 
Plasma membrane 
and cytoplasmic 
membranes 
Cytoplasm 
Cytoplasm 
Cytoplasm 


EGF receptor's cyto- 
plasmic domain 

Cytoplasmic domain of 
a growth factor receptor? 

? 
? 

? 


Class lb (Class la-related 
proteins) 


ssv 


sis 


Secreted 


PDGF-like growth factor 


Class 2 (Growth factors) 


Ha-MSV 
Ki-MSV 


Ha-ras 
Ki-ras 


Plasma membrane 
Plasma membrane 


GTP-binding proteins 


Class 3 (Cytoplasmic 
GTP:ases) 


FBJ-MuSV 

OK-lOV 

AMV 


fos 

myc 

myb 


Nucleus 
Nucleus 
Nucleus 


? 

Nuclear matrix protein 
? 


Class 4 (Nuclear phospho- 
proteins) 


SKV 770 
REV 
AEV 
E26V 


ski 
rel 

erb-A 
ets 


Nucleus? 

? 

? 

? 


? 

? 
? 
? 


Unclassified 


ONCOGENES FOUND IN TUMOUR CELLS BUT NOT IN RETROVIRUSES 
Tumour cell 


Neuroblastoma 
Neuroblastoma 
Small-cell lung cancer 
Neuro-/Glioblastomas 


N-ras 
N-myc 
L-mvc 
neu 


Plasma membrane 

? 

? 

Plasma membrane 


GTP-binding 

? 

Growth factor receptor 


Class 3 
Class 4 
Class 4 
Class lb 



their lack of centromeres, (49). HSR chromo- 
somes carry centromeres and are therefore 
divided equally at mitosis. If dmin:s and 
tfSR:s contain amplified genes that encode 
growth-stimulating protein products, it would 
follow that the more stable chromosomal 
0rm - the HSR, confers a greater selective 
growth advantage for cells. Although dminrs 
*nd HSR:s have been described predominant- 
ly in tumour cells selected for resistance to cy- 
totoxic drugs, it is also clear that dmin:s and 
H SR :s may be present in cancer cells before 
*riy form of therapy (8). It was in this setting 
l hat we and others first chose to explore the 
Possible amplification of cellular oncogenes. 
% definition, cellular oncogenes are normally 



innocent genetic loci which can be activated 
to transforming genes in various ways). 1 

DMIN:S AND HSR:S CONTAIN AMPLIFIED 
ONCOGENES 

Table 2 summarizes the somatic amplifica- 
tions of cellular oncogenes so far reported in 

1 It is not the purpose of this review to deal with all forms 
of DNA damage that have been found to activate cel- 
lular oncogenes. For the purpose of integrating the re- 
view into a coherent picture, however, the reader is. 
given a list of known cellular oncogenes in Table 1 and 
the schematic Figure 1 illustrating the various ways in 
which the oncogenic potential of different proto-onco- 
genes can be activated. 
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Fig. 1. Activation of cellular oncogenes. The haploid complement of a proto-oncogene is schematically depicted in A, 
composed of three exons (black boxes) in a segment of DNA, The different activated forms are schematically outlined 
in B— G. The abbreviation c-onc stands for cellular oncogene, v-onc viral oncogene, DNA sequences with associated 
strong promoter/enhancer functions are striated, and an actively transcribed gene is marked with radiations. B. Acute 
transforming retroviruses have the capacity to transduce cellular oncogenes (c-onc) into their genome, modify them 
and reinsert their activated oncogenes (v-onc) into the genome of host animal cells as a part of their proviral forms. 
The activity of the v-onc gene is greatly enhanced due to the associated promoter of the proviral long terminal repeat. 
Both increased dosage of the oncogene and structural mutations within its sequence may contribute to tumorigenesis. 
C. Slow transforming retroviruses without oncogenes replicate and reinsert their proviral copies into the host cell DNA 
during a latency period from infection to tumorigenesis. Tumor initiation through hyperplastic growth may begin, 
when the provirus integrates sufficiently close to a proto-oncogene to activate it through promoter or enchancer func- 
tions. It should be noted, however, that mutations have also been found in the oncogenes thus activated and that muta- 
tional damage to other oncogenes has been described in the resulting tumors. D. In some mouse plasmacytomas, a 
retrovirus-like DNA element (directing the synthesis of the so-called intracisternal A-type particles, IAPs) has been 
found in association with a transcriptionally activated oncogene c-mos. The IAP insertion also disrupts the 5' part of 
c-mos (64). E. In humans, as well as in animals, chromosome translocations may place proto-oncogenes into transcrip- 
tionally active regions of chromatin, where they may be activated. The details of this mechanism have not been worked 
out, but it is believed to occur for c-myc and c-abl genes in Burkitt lymphomas and Philadelphia-chromosome positive 
leukemias, respectively (35, 40). F. Increased amounts of oncogene-specific RNA and protein can also result from an 
excess of DNA template for transcription acquired through oncogene amplification. The present review concentrates 
primarily on this mechanism. G. Mutationally activated oncogenes have been found in nearly one fifth of human malig- 
nant tumours. Oncogene loci activated by somatic structural mutations are revealed by transfection experiments, 
where they are introduced into genetic background of nontumourigenic cultured immortalized cells. Several such 
transforming loci have been cloned and many of them belong to the c-ras oncogene family. It should be pointed out 
that both structural mutations and either increased expression or activation of a complementing oncogene may be 

required to achieve a fully tumorigenic phenotype (44). 



tumour cells. Although the sampling of tu- 
mours is at present small, the finding of 
known cellular oncogenes among amplified 
DNA represented by dmin:s and HSR:s of 
cancer cells is provocative. Amplification has 
been found to affect at least five out of twenty 
known cellular oncogenes and the degree of 
gene amplification varies from five to many 
hundred-fold over the single haploid copies 
found in normal cells (see also ref. 18). The 
first amplification reported involved the c-myc 



oncogene (see Table 1) in a promyelocytic leu- 
kaemia cell line HL-60 (20, 25). The degree of 
c-myc amplification is between 8—32 fold 
both in the HL-60 cell line and in primary leu- 
kaemic cells from the patient (20, 25). Origi- 
nal clonal lines of HL-60 were later found to 
contain some dmin:s in culture but their num- 
ber was insufficient to establish any clear cor- 
relation with amplified c-myc. Such a correla- 
tion, however, was discovered for c-myc am- 
plification in a neuroendocrine cell line from 
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• • • CHROMO- 
v , . SOMES 



DMIN:S 



D. 



COLO 3?o°DM e ,.T inUte chromosom « (arrowheads) in 
resolv J C °i°1 carclnoma "Us- A. The dmin:s are 

te flS^M^.r 0 } 18 n ° rmal ^romosoJs to 
Puri Vatin „ !?f^ benzl ™ daz <>le-stained preparation B-D. 

The sta a r , r/mat;arM fferen,ia ' B. 
fiprf ^ 8 mater,a1 ' c - Chromosome fraction D Puri- 
fied dm,„: S (Donna George and the author, unpublished 
data and ref. 52). 



cells ?h?? ' C °, L0 320 (5 »- In these 
ci rn ■ a PP roximatel y 30-fold amplified 

amarV P1 t S WCre map P ed either ^ HSR:s of 
ied\if P ^ ng ° n the P articu lar subline stud- 

J um our cells from this colon carcino- 
^mpifiLi ^ th f* c ""K had also been 
Sila fv ", g r gr ° Wth ° f the tumour in vivo. 
c o R eS V ' am P llfied c °Pies of the c-Ki-ras on- 

a £u« maPPCd dmin:s and HS *s of 

^tumour ^, u ChangeS ,n other oncogenes 
s h u S Smce revealed amplifica- 
that do not show up as dmin:s or HSR s 




Zr^T ° f b ° th itS l0n 8 md short ar m T P The H?R-' 

HSR.s. The latter .s shown here by in situ-hybridization 
(5, 52). 



Ji U r f f °T. eXample ' the c -"9* oncogene is 
sZe o? m f Characteristic »»rker chromo 
of H« c i colo c n oarcinoma without evidence 
of HSR:s (ref. 6, Fig. 4) and in other tumours 
the amplified c-abl and c-myc oncogene S 
SI ^normally banding regions (ABR:s) in 
^anslocated or resident chromosomal seg- 
ments, respectively (59, 76). 



TRANSLOCATIONS AND 
^ARRANGEMENTS MAY ACCOMPANY 
ONCOGENE AMPLIFICATION ,rA1NY 

The evolution and progression of the karyo- 
type of tumour cells is complicated (see ref 
b8). Concomitant with amplification DNA se- 
quences acquire an increased mobility in the 
genome with extrachromosomal intermediates 
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TABLE 2 

Sporadic and tumour-specific amplification of cellular oncogenes. * 



Tumour cells 



Onco- Fold Chromosomal Expression Remarks 
gene amplified location of elevated 
amplified gene 



References 



Sporadic: 






HL60 (acute promyelo- 


c-myc 


20 x 


cyte leukaemia, M3} 




COLO320 (colon 


c-myc 


30 x 


carcinoma) 




Yl (adrenocortical 


c-Ki -ras 50 x 


tumour) 






COLO20 1/205 (colon 


c-myb 


lOx 


carcinoma) 




K562 (chronic myelo- 


c-abl 


lOx 


genous leukaemia, CML) 







8q(ABR) 
dmin, HSR 
dmin, HSR 
marl 

mar(ABR) 



A431 (epidermoid 
carcinoma) 



c-erbB 15-20 x n.d. 



ML1-3 (acute myeloid c-myb 5~10x n d 
leukaemia, M2) 



SK BR-3 (breast c-myc 10 x 
carcinoma) 

SEWA (polyoma virus- c-myc 30 x 
induced mouse tumour) 



Lu-65 (lung giant cell 
carcinoma) 

Primary leukemic cells 
from an acute myeloid 
leukemia (M2) patient 



c-myc 8 x 
c-Ki-ras 10 x 
c-myc 33 x 



n.d. 
n.d. 



n.d. 
n.d. 
n.d. 



Yes 
Yes 
Yes 
Yes 

Yes 
Yes 

Yes 

Yes 
Yes 



n : d. 
n.d. 
n.d. 



74 



4, 6,88 



Amplification present in 20, 25. 59 j 
primary leukaemic cells 
Part of the amplified 4, 5, 52 

c-myc sequences rearranged 
Levels of p 21 c;Ki - r<a 
protein elevated 
Patient treated with 
5-fIuprouracil prior to 
culturing of the tumour cells 
C x coamplified in the 21, 22, 41, 

marker that may be derived 54, 76 
from chromosome 22, c-abl 
protein-associated tyrosine 
kinase activated 
Amplification linked to 82 
chromosome 7 translocation 
and sequence rearrangements 
Amount of protein product, 
the EGF receptor, elevated (see 36) 
Abnormalities of chromo- 34, 61, 91 
some 6q22— 24, where 
c-myb is normally located 
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Cells have dmin:s depending Manfred 



on culture conditions; 
c-myc amplification 
correlates with growth 
as a tumour 
At least some copies of 
c-Ki-ras mutated 



Tumour-specific: 

small-cell lung cancer c-myc up to 80 x n.d. 
L-myc, 
N-myc 

N-myc up to 250 x dmin, HSR 



Schwab, 
personal 
commu- 
nication 
80 

1 

Unpublished | 
data of the , 
author and I 
A. de la \ 
Chapelle | 



Neuroblastomas 
Glioblastomas 



Yes 
Yes 



c-erbB 



Most amplifications in the 53, 69 
variant phenotype of SCLC 

N-myc also amplified in 14, 48, 72, 
primary tumours of 73,. 75 

advanced grade 

Rearrangements also found Josef 
personal communication Schlessin- 
ger, per- 
sonal com- 

■ ■ a munication 

^S^SS^ = markCr chromosome ' M2 ' M3 ^fer to the French-American-Brittish classification of ^ 
* At least one case of oncogene amplification in normal germ-line cells has been found (18). 



visualized as dmin:s, transpositions and trans- 
locations to other chromosomal segments, etc. 
(see 70 for references). There may not be pre- 
ferred chromosomal sites for the apparent 
reintegration of dminrs as HSR:s (75). In at 



least one case, however, an oncogene may 
have been caught amplifying in situ in its resi- 
dent chromosomal site (59). The finding of , 
moderately amplified oncogenes also in chro* * 
mosomal sites lacking HSR:s suggests that 
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Fig. 4. Localization of amplified c-myb in COLO 201/205 
cells by in situ hybridization. Shown is a characteristic 
large marker chromosome (marl) with G-banding (A) 
and associated c-myb autoradiographic grains |B). Note 
Ihe absence of HSR:s. Marl has probably evolved from 
chromosome number 6, the resident site of the c-myb on- 
cogene in normal cells (34, 88, 91). (Robert Winqvist and 
the author, unpublished data). 



(onco)gene amplification may be more com- 
mon than the structural alterations shown by 
chromosome banding and microscopy (6, 88). 

In at least three cases reported amplification 
has been accompanied by a DNA rearrange- 
ment of the oncogene (5, 20, 82). In the colon 
carcinoma COLO 320 both damaged and nor- 
mal versions of the c-myc gene are amplified 
|5), Although individual cell clones have not 
yet been examined, our unpublished experi- 
ments suggest that the same dmin-containing 
cells harbor and express both normal and re- 

a f?k nged forms of c ' m y c - The normal version 
i„ ™ T an ?P lified S ene - how ever, predominates 
n COLO 320 cells containing HSR:s; the rear- 
ranged version is present only in what ap- 
pears to be a single copy (Fig. 5). In the 
cnronic myeloid leukaemia (erythroleukae- 
m 'a> cell line K562 an amplified DNA segment 
consists of portions of both the c-abl onco- 
Inh 3 u nd the immun oglobulin C x locus (76). 
n Doth cases abnormal transcripts are prod- 
ea from the rearranged amplified oncogenes 

2' l? d ref - 22) - In K562 cel,s ' th e abnor- 
vat a onco S ene Product has also been acti- 
, ted as a tyrosine protein kinase (41). It is not 
nown, however, whether structural alter- 

whX ° tHe geneS P receded amplification or 
nether they were acquired during the process 
gene amplification. It seems likely that a 
•romosomal translocation of c-abl to the Q 
t&S p , r , eceded DNA amplification in the 
cells, since all amplified copies were al- 

cent ^u nged J 21 '' with th e change reminis- 
ot the Philadelphia translocation (t(9, 22)) 



Sst I 



27 kbp 



Fig. 5. Amplification and rearrangement of c-myc iri 
COLO 320 cells. 10 A g of cellular DNA was digested with 
Sst I, electrophoresed, blotted and probed with a v-myc 
Pst I fragment (ref. 2, left panel). Fragments of 2.7 kbp 
and 1.4 kbp are seen in both normal and amplified c-myc 
DNA. The 3.3 kbp fragment is derived from a DNA seg- 
ment of unknown origin translocated to the 5' region of 
c-myc with a concomitant deletion of its first exon (unpub- 
lished data of Manfred Schwab and the author). HSF 
human skin fibroblasts; DM, COLO 320 DM cells- HSR 
COLO 320 HSR cells. Different amounts of DNA from 
COLO 320 DM cells as indicated were mixed with calf 
thymus DNA to give 24 M g of total DNA, cleaved with 
Sst I, electrophoresed, blotted and probed with a frag- 
ment of 3'human c-myc sequences. The intensities of the 
2.7 kbp c-myc fragment in different samples were com- 
pared to assess its copy number, estimated to be about 
30 (5). 



found in most chronic myeloid leukaemia tu- 
mours (35, 66-68). Although they have not 
been sequenced, other reported cases of am- 
plified oncogenes are apparently normal on 
basis of mapping with restriction endonu- 
cleases (see Table 2). therefore we cannot at 
present view mutation as a necessary com- 
panion of oncogene amplification. 



THE MECHANISMS OF GENE 
AMPLIFICATION 

The mechanisms of gene amplification and 
the structure of the amplified DNA have been 
worked out mainly in experimental settings 
involving selection for drug-resistance in cell 
culture (70). Although the mechanisms are 
still incompletely known and may vary in dif- 
ferent cases, some general features have 
emerged. 

A spontaneous degree of illegitimate DNA 
replication seems to exist in normal cells so 
that various segments of DNA are replicated 
more than once during a single cell cycle (37). 
In unselective conditions this DNA is probab- 
ly lost e.g., through formation of micronucleae 
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Fig. 6. Comparison of the electrophoretic mobilities of 
c-myc mRNA:s from COLO 320 DM and HSR cells. The 
size of the normal c-myc mRNA is 2:3 kb. The rearranged 
c-myc locus in DM cells (see Fig. 5) seems to be pre- 
dominantly expressed giving rise to a shortened RNA. 



because the newly synthesised extra copies of 
DNA are not covalently linked to chromo- 
somal DNA of mitotic cells (65, 71). If, how- 
ever, there is a selection pressure to retain an 
increased gene dosage, progressive multipli- 
cation of gene copy number results. The in- 
cidence of cells bearing amplified genes under 
conditions of cytotoxic selection can vary by 
two orders of magnitude and is greatly in- 
creased by the presence of mitogenic sub- 
stances (hormones or tumour promoters) dur- 
ing selection (10, 84, 85) or certain carcino- 
genic or cytotoxic agents before selection (15, 
55, 79, 80, 81, 85). An interesting hypothesis 
suggested by Varshavsky (84, 85) supposes that 
the origins of DNA replication "fire" (initiate 
replication) illegitimately several times during 
a single cell cycle and that this kind of "repli- 
con misfiring" may be increased by substances 
such as tumour promoters and mitogenic hor- 
mones (10, 84, 85). Mariani and Schimke (55) 
point out that most of the cytotoxic agents that 
increase the incidence of gene amplification 
are inhibitors of DNA synthesis. Aberrant 
replication is known to take place after tran- 
sient inhibition of DNA synthesis and this re- 
sponse can lead to gene amplification (46, 47, 
55, 90). Mitogenic hormones probably increase 
disproportionate DNA replication, but they 



also enhance the colony forming efficiency 0 f 
drug-resistant cells in selective conditions (10). 

According to the studies of Axel and his col. 
laborators (65), the multiple cycles of un- 
scheduled DNA replication at a single locus 
during a single cell cycle result in a structure 
schematically outlined in Fig. IF. The hydro- 
gen-bonded amplified copies of DNA depicted 
in Fig. IF must resolve into a tandem linear 
array before the next mitosis. This may well 
occur by homologous recombination between 
any one of several repeated sequences within 
the amplified domain (45, 65). Part of the re- 
combinations would lead to extrachromosomal 
circles possessing an origin for replication (16, 
62); these could be the precursors of dmin:s! 
The unequal recombinations mean that the 
resolved linear structure consists of tandemly 
repeated but heterogeneous units. According 
to Axel's model a gradient of amplification is 
formed so that centrally located sequences are 
amplified more than sequences distal to the 
origin of replication (65). This also has, in fact, 
been found to explain the large, complex DNA 
domain amplified in neuroblastoma cells in 
vivo (38, see also below). 

The chromosomal site of integration of 
transfected genes significantly affects the fre- 
quency and cytogenetic result of their experi- 
mentally induced amplification (83). The 
amplification frequency in some transfor- 
mants has been found to be 100-fold that of 
the others (83). This suggests that there also 
are preferred chromosomal positions for am- 
plification of host cellular genes and that chro- 
mosomal rearrangements may facilitate gene 
amplification by positioning chromosomal se- 
quences in a favorable array. In respect of the 
structural properties of the sequences involved 
in gene amplification, recombinatorially active 
regions have been implicated in experimental 
cases. DNA rearrangements involving restric- 
tion fragment length polymorphisms and 
variation in gene copy number have been, de- 
tected in the human genome between clusters 
of short repetitive interspersed DNA sequences 
called Alu family DNA-sequences (17). Such 
inter-Alu sequences have also been detected 
in an extrachromosomal DNA form, including 
covalently closed circles (17, 78). The copy 
number of inter-Alu sequences apparently va- 
ries in an age- and tissue-specific manner (17, 
78), but any comprehensive analysis of the 
phenomenon in human tumours is not yet 
available. It is also not yet clear whether these 
kinds of repetitive sequences are involved in 
generating amplified oncogene sequences in 
dmin:s or HSR:s in tumours. 
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NRS anti-p21 



Fig. 7. Elevated levels of the p21 c Kiraj protein in Yl cells 
(74). The Yl DM and HSR cells which harbor a 50-fold 
amplified c-Ki-ras oncogene (74) and control cells were 
labeled with [^-methionine and the p21 cH "" protein 
was immunoprecipitated, as detailed (74), with normal 
rat serum (NRS) or rat monoclonal anti-p21 serum. The 
"proteins were electrophoresed in a 15 % polyacrylamide 
gel in the presence of SDS. In addition to a major p21 
!band ( a labeled band at about 16 kd was present in the 
• immunoprecipitates. The amount of radioactivity in p21 
"was about 50 fold that in normal rat kidney cells. The 
f Kristen sarcoma virus-transformed rat kidney cells (ob- 
tained from the American Tissue Culture Collection) also 
fyielded unexpectedly low amounts of the v-Ki-ras 
| protein. 
| 

* 

•CARCINOGEN-INDUCED GENE 
^AMPLIFICATION AND CLONAL 
^ELECTION OF CANCER CELLS 

£ 

^Although cell sorting experiments have 
!$hown a basal spontaneous rate of gene ampli- 

Ification in eukaryotic cells (37), this can be 
^creased severalfold by metabolic inhibitors 
>r cytotoxic agents (15, 37, 70, 81, 85). In 
.many respects the latter response is reminis- 
cent of the so-called SOS-response elicited in 
Wteriae by noxious stimuli (see 28). In a te- 
J e ological context, the rapid induction of gene 
^plification that apparently occurs frequent- 
ly through extrachromosomal intermediates 
m *y provide cells with genetic material for 
< , ^bsequent selective pressures operating in 
Vmful conditions (60). In cancer cells, the 
t^chanism may enhance the emergence of 




Fig 8. A. Indirect immunofluorescence for p21 cK5ro5 in Yl 
DM cells. Similar fluorescence of the plasma membrane 
was obtained for the Yl HSR cells, Inset (b) shows control 
staining with normal rat serum and inset (c) staining ot 
normal rat kidney cells with the monoclonal antibody 
against p21. 



clonal populations of cells with increasingly 
malignant properties (58, 60). Such, genetic 
instability of cancer cells is clearly enhanced, 
leading to the rapid evolution of increasingly 
malignant tumour cell populations (19, 58). A 
serious question of practical importance is 
whether drug resistance in treated patients 
also selects cells that have an enhanced ability 
to amplify (onco)genes important for growth 
and progression of the tumour (84, 85). It is 
also possible that some of the carcinogenic in- 
sults caused by mutagens are only expressed 
as a result of subsequent amplification events 
induced by tumour promoters (84, 85) or facil- 
itated by hormones in, say replicating epithelial 
cells (10). The persistence of dmin:s in some 
tumours suggests that there is a selection 
pressure for their retention (8, 9, 11, 23). 
Amplified DNA in dmin:s must contain an 
origin for DNA replication (62) and must be 
selected for in daughter cell populations, 
where it is unevenly segregated (71). In the 
absence of such a selection pressure dmhr.s 
are lost (71). In at least one study the length of 
an HSR has been found to increase during a 
selection of malignant cells for enhanced 
tumourigenicity (30). 

The amplified c-erbB gene in A431 cells codes 
for epidermal growth factor receptor (27). The 
abundant amounts of receptor protein on 
A431 cell surface may, however, provide the 
cells with an abnormal growth response (31). 
A naive supposition is that the amplified se- 
quences in dmin:s and possibly in HSR:s of 
tumours contain growth-promoting genes (see 
36 for references). This seems to fit well with 
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Fig. 9. Construction of a wmyc expression vector. A synthetic linker (ATGAGAATTCATCAT) containing a translational 
initiation codon was inserted downstream from the trp promoter in the pSRC ex 16 Rl expression vector described 
previously (see ref. 3). Approximately one half of the v-src sequences coding for the aminoterminal portion of pp60 MW 
protein were then deleted and the remaining portion ligated in translational codon frame with the synthetic ATG. A 
Hinc II fragment of v-myc from plasmid clone MC 38 (nucleotides 320-685 in the v-myc sequence in ref. 2) was ligated 
downstream form remaining v-src sequences in continuity with its reading frame. The resulting product contained 3 
amino acids from the synthetic linker, 252 amino acids encoded by the 756 base pair fragment from Sma I to Pvu II 
restriction sites in v-src DNA, 122 amino acids from the v-myc and 6 amino acids (corresponding to nucleotides 

2968-2085) from the pBR322 vector (3). 
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. recent findings on amplified oncogenes, though 
in many cases the search for an amplified on- 
cogene is still continuing. Even positive find- 
ings do not mandate a role for amplified cel- 
lular oncogenes, however, because the do- 
main of amplified DNA is inevitably much 
larger than a single genetic locus (e.g. 38). 



ENHANCED EXPRESSION OF AMPLIFIED 
ONCOGENES 

In all cases where they have been studied, the 
amplified oncogenes have been found abund- 
antly expressed at the RNA level, roughly in 
proportion to the amount of DNA amplifica- 
tion (see Table 1). Described cases of elevated 
RNA expression include examples of abnor- 
mal (5, 22) and ectopic (6) transcription. In at 
least four cases this enhancement is not li- 
mited to synthesis of RNA (31, 33, 41, 74, 82). 
The Yl cells that have amplified c-Ki-ras'con- 
tain exceptionally large amounts of its protein 
product situated on the plasma membrane 
(ref. 74, Fig. 7 and 8). High amounts of the 
c-myc encoded protein are also found in 
COLO 320 cells that have amplified the gene 
(33). The myc oncogenes have recently been 
shown to encode nuclear proteins (ref. 1 3 
26, 29, 32, 33, Fig. 9-11). Both the expression 
of the c-myc mRNA (39) and the subcel- 
lular localization of myc proteins are linked to 
the cell cycle (ref. 89, Fig. 12). It may be that 
elevated expression of specific c-myc func- 
tions is necessary for cell cycle progression 
and the growth transformation aspect of the 
phenotype of cancer cells that may contribute 
to tumour progression (7, 36). Elevated ex- 
pression of c-myc has been shown to replace 
in part platelet-derived growth factor in in- 
action of competence for DNA replication 
I'). Generally, enhanced expression of an on- 
cogene could be a necessary prerequisite for 
acquisition of a growth advantage by cells 
having extra copies of the gene. This effect 



Fig. 10. E. cob 294 was transfected with the hybrid v-src 
v-myc plasmid outlined in Fig. 9 and ampicillin-resistant 
colonies were checked for the production of a 
43,000 m.w. bacterial v-myc protein after induction by 
growth to different optical densities in minimal essential 
medium (M9, induction + ) or complete medium (LB, in- 
duction—) (3). 



could also be the principal contribution of 
amplification to tumourigenesis. 

TUMOUR CELL AND STAGE SPECIFICITY 
OF ONCOGENE ACTIVATION AND 
AMPLIFICATION 

Tumour cell specificity of oncogene amplifi- 
cation has been found in three malignancies. 
The c-myc, L-myc or N-myc oncogene is ampli- 
fied in most cases of the variant form of small- 
cell lung cancer cells (53, 69), c-erbE is ampli- 
fied in several glioblastomas (Josef Schlessin- 
ger, personal communication) and the putative 
N-myc oncogene is amplified in about half of 
grade III and IV neuroblastomas (14, 72, 73 
75). In addition to HSR:s, small-cell lung can- 
cers and neuroblastomas frequently show a 




5? * C V 'T yC Pr ,° tei . P hase contrast microscopy of myelocytomatosis virus- 

lhe »mmunoBern^L y ^»S?. Q )l Stamed Wlth antl ' m V c P r <*ein antiserum that has been blocked with 

munogen. D. Phase contrast microscopy of field in B. E. Q8 cell stained with preimmune rabbit serum F Phase 

contrast microscopy of field in E. 
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myc 



Fig. 12. Fluorescent staining for DNA and myc protein in 
myelocytomatosis virus-transformed quail cells. In in- 
terphase cells, the myc protein is confined to the nucleae. 
In the mitotic cell, myc fluorescence is distributed 
throughout the cell unlike fluorescence for chromatin, 
which is compacted to chromosomes in the metaphase 
plate. In fact, there is less myc fluorescence associated 
with chromatin than with the rest of the cell. DAPI, dia- 
minophenylindole DNA stain. The anti-myc protein rab- 
bit antiserum was used in a 1/200 dilution (ref. 89). 



deletion of a portion of the short arm of chro- 
mosome 1 (13) and chromosome 3 (86, 87), 
respectively, in karyological examination. 
Two kinds of changes have also been described 
in different neuroblastoma oncogenes. The 
first is a mutation in the N-ras gene, an ac- 
tivated oncogene that was discovered because 
of its relation to other ras genes and trans- 
forming activity in transfection experiments 
(77). The second is amplification of a distant 
hbmologue of the c-myc gene called N-myc [72, 
73, 75). Although the transforming potential 
of the N-myc gene has not yet been established, 
its consistent presence in a core segment of 
amplified neuroblastoma DNA (38, 57, 72, 73, 
75) and its elevated expression in most reti- 
noblastomas (48) suggests its oncogenic nature. 

Taya et al. (80) have recently described a 
human lung giant cell carcinoma grown in 
nude mice, where both c-Ki-ras and c-myc on- 



cogienes were amplified about 10-fold. Besides 
sequencing studies indicated that at least 
some of the amplified c-Ki-ras copies were 
also mutationally activated in the 12th codon 
These results fit to the multistage theory 0 f 
cancer development and progression (see 58). 
Apparently co-operating lesions in cellular on- 
cogenes accumulate during tumour growth 
and selection and increase the malignant po- 
tential of the tumour cells (44). 

When does oncogene amplification come in- 
to play during tumourigenesis? Gene amplifi- 
cation may not be any initiating event in carci- 
nogenesis. Amplification and enhanced ex- 
pression of c-myc and N-myc may occur during 
the progression of human carcinoma of the 
lung and neuroblastoma cells to a more malig- 
nant phenotype (14, 53, 73). There may be, 
however, no mandatory sequence of onco- 
gene amplifications for the genesis of any par- 
ticular tumor. Amplification of an oncogene 
could play its part in malignant progression of 
already initiated cells whenever it happened 
to occur. 
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Abstract 

The human epidermal growth factor (EGF) receptor is known 
to be homologous to the y-erb B oncogene protein of the avian 
erythroblastosis virus. Overexpression of the EGF receptor 
gene in A43I epidermoid carcinoma cells is due to gene 
amplification. In this study, a variety of squamous cell carci- 
nomas were examined and one, SCO 15, contained high levels 
of the EGF receptor as determined by immunoprecipitation via 
an EGF receptor-specific polyclonal antibody. Using a cloned 
EGF receptor complementary DNA as a probe, the level of 
EGF receptor RNA was found to be elevated four-fold in SCO 
15 relative to normal cultured keratinocytes. When the same 
probe was used to identify EGF receptor gene fragments on a 
genomic DNA blot, the SCO 15 cell line was shown to possess 
an EGF receptor gene copy number amplified four to five 
times. Gene amplification results in the enhancement in the 
level of the EGF receptor in several carcinomas and could be 
responsible for the appearance of the transformed phenotype 
in these cells. 

Introduction 

The epidermal growth factor (EGF) 1 stimulates growth and 
elicits a wide variety of rapid and delayed responses by binding 
to high-affinity cell-surface receptors which are 170-kD glyco- 
proteins (1). Recently, EGF receptor peptides have been se- 
quenced and found to be homologous to the avian erythro- 
blastosis virus erb B oncogene product (2), suggesting that the 
EGF receptor gene is the human c-erb B oncogene. A431 
epidermoid carcinoma cells possess a very large number of 
EGF receptors (3), and the EGF receptor gene is amplified 
-30-fold (4-6). This amplification is responsible for the 
overexpression of the EGF receptor protein in these cells 
(4-6). 

A cell culture system has been developed permitting serial 
cultivation of keratinocytes, whose growth is modulated by 
EGF (7). Such methods have been used to establish cell lines 
from squamous cell carcinomas of the oral epithelium (8). 
Because of the role of EGF in keratinocyte development, we 
quantified EGF receptor protein and RNA in several squamous 
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cell carcinomas. One cell line, SCO 15, was found to contain 
high amounts of receptor protein and RNA, and a four* to 
fivefold amplification of the gene. 

Methods 

The squamous cell carcinomas established by Rheinwald and Beckett 
(8) were obtained from, and maintained according to the American 
Type Culture Collection (Rockville, MD). 1623 was originally designated 
as SCC-15; 1628 as SCC-25; and 1629 as SCC-9 (8). Normal human 
esophageal epithelial cells were grown as reported (9). Maintenance of 
other cell lines was as described elsewhere (10). Proteins were labeled 
with [ 35 S]methionine and immunoprecipitated as previously described 
(10). PolyA+ RNA was isolated by guanidine isothiocyanate solubili- 
zation and CsCI centrifugation (II), and oIigo(dT)-affinity chromatog- 
raphy. RNA (Northern) blotting was performed as described (II, 12). 
High molecular weight DNA was isolated (4) and analyzed by DNA 
(Southern) blotting (4, 10, 13). The EGF receptor complementary 
DNA (cDNA) clone pE7 was constructed and isolated from an A43 1 
cDNA library (11). DNA fragments were ^-labeled by nick translation. 

Results 

A large number of cell lines were initially screened for EGF 
receptor levels by determining their ability to be killed by an 
EGF-pseudomonas exotoxin conjugate, a technique described 
previously (10). Several squamous cell carcinomas were found 
to be relatively sensitive to the EGF-toxin conjugate, including 
SCC-25, SCC-9, and particularly SCC-15, all derived from the 
human tongue (8). These three cell lines were labeled with 
[ 35 S] methionine, and their extracts immunoprecipitated with 
a goat polyclonal antibody to the EGF receptor, affinity- 
purified as described (10). When compared with A43I cells, 
which make very large amounts of the EGF receptor, SCC-25 
and SCC-9 make moderate amounts and SCC-15 high amounts 
of the receptor (Fig. 1, lane a vs. e, g. and c). Quantitation of 
the immunoprecipitation data revealed that SCC-15, SCC-25, 
and SCC-9 make 41, 15, and 4% of the amount of EGF 
receptor made by A431 cells, respectively. 

Because SCC-15 cells had high levels of receptor, polyA+ 
RNA was isolated from these cells, electrophoretically fraction- 
ated on agarose, and analyzed by RNA (Northern) blotting. A 
cloned A431 cDNA (pE7) encoding the EGF receptor (11) 
was 32 P-Iabeled and used as a hybridization probe to visualize 
EGF receptor RNAs. Fig. 2 A shows that SCC-15 contains 
both the 10- and 5.6-kilobase species of EGF receptor RNA. 
The levels are approximately four- to fivefold higher than 
those found in either KB or A498 kidney carcinoma cells; 
these cell lines were previously found to possess readily de- 
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Figure I. Autoradiograph of 
electrophoresed "S-labeled 
EGF receptor protein (arrow) 
immunoprecipitated by either 
E, affinity-purified goat poly- 
clonal EGF receptor antibody, 
or N, normal serum. Molecu- 
lar weight markers are at left. 



tectable levels of both receptor RNAs (10). Fig. 2 B shows that 
cultured human epithelial cells contain EGF receptor-specific 
RNA (HEIA, lane e) whose levels are higher than an early 
passage human fibroblast D551 (lane /), equivalent to A498 
(lane g\ but much lower than SCC-15 (lane b). 

To determine if an elevated gene copy number was asso- 
ciated with enhanced expression of the EGF receptor gene in 
SCC-15 cells, genomic DNA was isolated from normal cultured 
epithelial cells (HEIA) and SCC-15 cells, digested with //wdlll, 
electrophoretically fractionated, and subjected to DNA blotting 
analysis. An EGF receptor cDNA (pE7) was used as a hybrid- 
ization probe to identify receptor DNA fragments. Fig. 3 A 
reveals that the SCC-15 genome contains four- to fivefold 
amplified EGF receptor gene sequences relative to normal 
epithelial cells (lane a vs. b). Analysis of 0-actin gene fragments 
on the same filter by hybridization to a chick actin cDNA 
probe indicated that equal amounts of DNA were loaded per 
well (data not shown). Digested SCC-15 DNA had to be 
diluted about fourfold (Fig. 3 B, lane e) to approximate the 
signal intensity of receptor DNA fragments from SCC-25, 
SCC-9, and KB cells (lanes #-/). The KB cell EGF receptor 
gene is known not to be amplified (10). 

Discussion 

It may be significant that A431 carcinoma cells are not unique 
in their possession of amplified EGF receptor genes. We report 
here that the EGF receptor gene in squamous cell carcinoma 
SCC-15 is amplified four- to fivefold relative to normal epithelial 
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Figure 2. RNA blot analy- 
sis of polyA+ RNAs using 
the "P-Iabeled EGF recep- 
tor cDNA probe pE7. (A) 
and {B) are autoradiography 
from two separate gels. 
Sizes are in kilobases (left). 
5 (lanes a, b, d, and g) or 
10 (lanes c, e, and /) ng of 
RNA were loaded. 
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Figure 3. DNA blot analysis of H Mill-digested genomic DNAs 
using the pE7 probe (see Fig. 2). (A) and (B) are autoradiographs 
from two separate gels. Sizes are in kilobase pairs (right). 10 M g of 
DNA was loaded except in (B), lanes d-f, which represent serial 
dilutions of the 1623 DNA shown in lane c. 



cells. The amplification of the EGF receptor gene may cause 
the initiation or maintenance of the malignant state in some 
human cells. 

Previously, we reported that a variety of transformed cell 
lines synthesize relatively high amounts of both EGF receptor 
protein and messenger RNA (10). It is conceivable that a 
moderate or even a small increase in the level of the EGF 
receptor leads to a change in the cellular phenotype, as has 
been demonstrated for the sre gene product (14). If this 
hypothesis is correct, then even a minor amplification of the 
EGF receptor gene copy number could contribute to the onset 
of tumorigenesis. Hendler and Ozanne (15) have examined 
lung squamous cell carcinomas and found that they contain a 
2.5-5-fold increase in EGF receptor levels. 
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Abstract 

Background: Colorectal cancer is a common cancer all over the world. Aberrations in the cell 
cycle checkpoints have been shown to be of prognostic significance in colorectal cancer. 

Methods: The expression of cyclin bl, cyclin A, histone H3 and K/-6 7 was examined in 60 colorectal 
cancer cases for co-regulation and impact on overall survival using immunohistochemistry, 
southern blot and in situ hybridization techniques. Immunoreactivity was evaluated semi 
quantitatively by determining the staining index of the studied proteins. 

Results: There was a significant correlation between cyclin Dl gene amplification and protein 
overexpression (concordance = 63.6%) and between Ki-67 and the other studied proteins. The 
staining index for Ki-67, cyclin A and D I was higher in large, poorly differentiated tumors. The 
staining index of cyclin Dl was significantly higher in cases with deeply invasive tumors and nodal 
metastasis. Overexpression of cyclin A and Dl and amplification of cyc//n 0/ were associated with 
reduced overall survival. Multivariate analysis shows that cyclin Dl and A are two independent 
prognostic factors in colorectal cancer patients. 

Conclusions: Loss of cell cycle checkpoints control is common in colorectal cancer. Cyclin A and 
D I are superior independent indicators of poor prognosis in colorectal cancer patients. Therefore, 
they may help in predicting the clinical outcome of those patients on an individual basis and could 
be considered important therapeutic targets. 



Background 

Colorectal cancer (CRC) is the third most common cancer 
in Western countries [1]. In Egypt, CRC has unique char- 



acteristics that differ from that reported in other countries 
of the western society. It was estimated that 35.6% of the 
Egyptian CRC cases are below 40 years of age and patients 
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usually present with advanced stage, high grade tumors 
that carry more mutations [2] . This uniquely high propor- 
tion of early-onset CRC, the early and continuous expo- 
sure to hazardous environmental agents, the different 
mutational spectrum and the prevalent consanguinity in 
Egypt justify further studies [3]. It was proved that most 
cancers result from accumulation of genetic alterations 
involving certain groups of genes, the majority of which 
are cell cycle regulators that either stimulate or inhibit cell 
cycle progression [1]. Cell proliferation allows orderly 
progression through the cell cycle, which is governed by a 
number of proteins including cyclins and cyclin dependent 
kinases (4,5]. The cyclins belong to a superfamily of genes 
whose products complex with various cydm-dependent 
kinases (cdks) to regulate transitions through key check- 
points of the cell cycle [6]. Abnormalities of several cyclins 
have been reported in different tumor types, implicating, 
in particular, cyclin A, cyclin E and cyclin D [6,7]. 

Cyclin Dl is a Gl cyclin that regulates the transition from 
Gl to S phase since its peak level and maximum activity 
are reached during the Gl phase of the cell cycle. Whereas 



cyclin A is regarded a regulator of the transition to mitosis 
since it reaches its maximum level during the S and G2 
phases [8). The mechanisms likely to activate the onco- 
genic properties of the cyclins include chromosomal trans- 
locations, gene amplification and aberrant protein 
overexpression [7,9]. 

Several studies have shown that, histone H3 mRNA expres- 
sion can be used to identify the S phase fraction (SPF) 
through the in situ hybridization (ISH) technique [10.11]. 
The level of histone H3 mRNA reaches its peak during the 
S phase and then drops rapidly at the G2 phase [12]. 

In face of the increasing incidence of CRC and its peculiar 
pattern in the Egyptian population, the present study was 
conducted to assess the role of Ki-67 (pan-cell cycle 
marker), cyclin Dl (Gl phase marker), histone H3 mRNA 
(S phase marker), cyclin A (S to G2 phase marker) in CRC. 
The expression level of these markers was correlated to the 
clinicopathologic features and the overall survival of 
patients. 



Table I: Clinicopathological features of patients in relation to the staining index (SI) of K/-67, cyclin D/, cyclin A, histone H3 

SI (mean + SD) 



Variables 


No. of cases 




Cyclin Dl 


Cyclin A 


Histone H3 


Sex 












Mate 


36 


18.0 ±6.4 


6.7 ± 4.3 


127 ±5.7 


10.7 ±5.3 


Female 


24 


20.1 ±5.8 


8.8 ± 8.4 


10.0 ±6.0 


10.7 ±5.4 


Age (years) 












>S0 


41 


11.7 ±6.0* 


5.6 ± 5.2 


10.0 ±5.3 


6.0 ± 5.0* 


<50 


19 


23.8 ± 5.6 


7.7 ± 6.8 


13.6 ±5.7 


22.0 ± 5.2 


Tumor size (cm) 












<5.0 


33 


12.2 ±6.3* 


5.3 ± 3.8* 


11.5 ±6.1* 


10.3 ±4.9* 




27 


30.1 ±6.2 


22.8 ± 7.2 


28.6 ± 5.6 


24.0 ± 5.6 


Histology 










Normal 


20 


3.5 ± 2.0* 


0.6 ± 0.2* 


2.3 ± i.l* 


2.2 ± 0.9 


Carcinoma 


60 


30.3 ± 6.2 


24.9 ± 6.3 


27.2 ± 5.8 


10.7 ± 5.3 


a 


15 


11.7 ±6.2 


6.6 ± 4.0 


10.0 ±5.4 


11.4 ±4.9 


an 


21 


1 1.8 ±5.6 


8.9 ± 3.6 


12.3 ±6.5 


7.8 ± 5.4 


Gin 


24 


30.0 ± 4.3 


22.0 ±8.1 


27.0 ± 4.9 


11.5 ±5.4 


Lymph node 










Negative 


33 


19.5 ±7.0 


5.4 ±5.3* 


11.9 ±6.5 


12.3 ±5.5 


Positive 


27 


21.3 ±4.9 


20.6 ± 6.9 


12.5 ±5.0 


14.2 ±5.0 


Depth of invasion 










m, sm 


17 


20.7 ± 6.7 


3.1 ±3.1* 


1 1.9 ±7.2 


10.4 ±5.1 


beyond sm 


43 


21.9 ±6.2 


12.4 ±6.5 


12.2 ±5.6 


10.7 ±5.4 


Stage 










1 


6 


20.6 ± 6.7 


5.7 ± 6.9 


24.2 ± 6.9 


ll.l ± 5.3 


n 


27 


20.8 ± 6.9 


5.3 ± 4.3 


24.6 ± 6.0 


10.4 ± 5.7 


m 


12 


22.0 ± 5.4 


7.7 ± 6.0 


27.1 ±5.2 


10.4 ± 4.9 


IV 


15 


24.7 ±6.1 


11.3 ±9.6 


27.5 ± 5.5 


12.3 ± 6.2 



* p. value < 0.05 (significant) 
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Methods 

Tissue samples 

Paraffin-embedded tumor tissues were obtained from 60 
CRC patients (47 colon and 13 rectal carcinomas) that 
were diagnosed and treated at the National Cancer Insti- 
tute, Cairo, Egypt during the period from January, 1997 to 
June, 2002. Clinicopathological data of the studied cases 
are illustrated in table 1. None of the patients received any 
chemotherapy or irradiation prior to surgery. Histological 
diagnosis of all cases was done by 2 independent pathol- 
ogists according to the WHO Histological Classification. 
Tumors were staged according to the TNM staging system 
[13]. The depth of tumor invasion was classified as inva- 
sion of the mucosa including muscularis mucosa (m), 
invasion of the submucosa (sm), or invasion beyond the 
submucosa [8]. Normal colonic tissues were obtained 
from autopsy specimens (n = 20) and were used as a con- 
trol. The actual survival rate of the patients was calculated 
from the date of resection to die date of death. 

Immunohistochemistry 

Four micron sections of each normal and tumor specimen 
were cut onto positive-charged slides; air dried overnight, 
de-paraffinized in xylene, hydrated through a series of 
graded alcohol and washed in distilled water and 0.01 
PBS (pH 7.4). Slides were then processed for IHC as 
described by Handa et al. [8j. using the following anti- 
bodies: Ki-67 (MIB-1, Dako), cydin A (6E6; Novocastra, 
Newcastle-Upon-Tyne, UK) and cydirx Dl (DCS-6, Dako). 
A case of invasive breast cancer was used as a positive con- 
trol for Ki-67 and cydin A whereas a case of mantle cell 
lymphoma was used as a control for cydin Dl . Negative 
controls were obtained by replacing the primary antibody 
by non-immunized rabbit or mouse serum. 

Brown nuclear staining was regarded as a positive result 
for all studied markers. The proportion of positively- 
stained cells and the intensity of staining were scored in 
tumor and normal colorectal mucosal sections at medium 
power (x200). The degree of positive tumor staining (per- 
centage of positive tumor cells in the examined section) 
was scored from 1-6 and the staining intensity was scored 
from 0-6 according to the pattern of staining in the exam- 
ined section. Staining index (SI) was calculated by multi- 
plying the cellularity and staining scores as described by 
Kingetal. [14]. 

In situ hybridization 

All tumor samples and 5 normal controls were assessed 
for histone H3 mRNA by ISH using the commercially avail- 
able 550 base fluorescein-labeled DNA probe (Dako, 
Carpinteria, CA) as described by Nagao et al., 1996. This 
probe hybridizes to the whole mRNA transcript of the 
human histoneH3 gene including the5' and 3' untrans- 
lated regions. Scoring of histone H3 mRNA was performed 



as for immunohistochemistry, however, hybridization 
signals were detected in the cytoplasm. 

Molecular detection of cydin Dl gene amplification 

High molecular weight DNA was extracted from paraffin- 
embedded tissues of the tumor and normal colorectal 
mucosal samples as previously described [15]. The pro- 
portion of neoplastic and normal cells was determined in 
each tumor sample by examining hematoxylin and eosin- 
stained slides obtained from the edge of the specimen 
used for DNA extraction. Tumor samples were evaluated 
for amplification of cydin Dl if more than 75% of the 
examined sections were formed of neoplastic cells. 
Accordingly, 50 cases were eligible for the analysis. Ten 
micrograms of the extracted DNA was digested with 
EcoRl. DNA from selected cases was also digested with 
Bglll and Hindlll. Samples were separated on 0.8% agar- 
ose gels and transferred to Hybond-N membranes (Amer- 
sham Int., Amersham, UK). The membranes were 
hybridized with 50% formamide, 5 x SSC, 5 x Denhardt's, 
500 ug/ml denatured salmon sperm DNA, 10% dextran 
sulphate and 10 6 cpm/ml of 32 P-labeled PRAD-1 probe for 
24 h. Membranes were washed with 2 * SSC, 0.1% SDS at 
room temperature for 30 min followed by 2 x SSC, 0.1% 
SDSat60°Cfor 30 min and 0.1 x SSC, 0.1% SDS at 60°C 
for 1 h. Filters were autoradiographed using an intensify- 
ing screen at -70°C for 24-72 h. After being stripped free 
of the PRAD-1 probe, the same blots were hybridized with 
32 P-labeled B-actin probe to normalize against possible 
variations in the loading or transfer of DNA. The autora- 
diograms were analyzed using a densitometer. Intensities 
of PRAD-l/cydin Dl were normalized to the fl-actin con- 
trol bands. The degree of amplification was calculated 
from these normalized values. Amplification was consid- 
ered when the signal of the tumor band was >2-fold the 
value of the matched normal mucosa [16]. 

Statistical analysis 

The Mann-Whitney non-parametric test was used to com- 
pare the Sis of pairs of subjects whereas the Kruskal-wallis 
was used for categorial data. Correlation between indices 
was performed using a simple linear regression test. The 
Kaplan-Meier method was used to create survival curves 
which were analyzed by the log-rank test. The impact of 
different variables on survival was determined using the 
Cox proportional hazards model, p. values less than 0.05 
were considered significant. 

Results 

The results of IHC are illustrated in figures 1 and 2. In gen- 
eral, the staining index (Sis) of all studied markers was 
higher in carcinomas than in normal colonic mucosal 
samples (p = 0.0001). Normal colorectal mucosa revealed 
positive imunostaining for Ki-67 in the lower half of the 
crypts only. A heterogeneous staining pattern was 



Page 3 of 12 

(page number not for citation purposes) 



BMC Gastroenterology 2004, 4:22 



http://vvww.biomedcentrai.eom/1471-230X/4/22 




Figure I 

Normal colonic mucosa showing positive nuclear immunostaining for: (a) cyclin D/, (b) ISH of histone H3 mRNA, (c) K/-6 7 and 
(d) cydin A 



detected in the neoplastic cells of well and moderately-dif- 
ferentiated adenocarcinomas whereas a diffuse homoge- 
neous staining pattern was detected in poorly- 
differentiated carcinomas. The SI ranged from 10-40.2 
(mean: 24.6 ± 6.5). 

Immunostaining for cydin Dl was predominantly nuclear 
but cytoplasmic staining was detected in some cases. 
However, unless a nuclear staining was also detected, 
cases with cytoplasmic staining were considered negative. 
Normal colorectal mucosal samples were almost negative 
for cyclin Dl whereas 41 out of the 60 (68.3%) CRC cases 
were positive. Marked heterogeneity was observed in well- 
and moderately-differentiated adenocarcinomas even 
within the same tumor. Poorly-differentiated carcinomas 
revealed a diffuse staining pattern with more darkly- 
stained nuclei. The SI ranged from 0.5-28.6 (mean: 9.3 ± 
4.2). 



Positive nuclear staining for cyclin A was detected in 80% 
(48/60) of CRC cases and in all non-neoplastic control 
samples. Positively-stained nuclei were confined to the 
lower half of the crypts in normal colonic mucosa and dif- 
fusely-dispersed in carcinomas. The SI ranged from 3.3- 
30.2 (mean: 15.1 ± 6.6). 

Histone H3 mRNA was intensely expressed in the cyto- 
plasm of all examined samples either neoplastic or non- 
neoplastic. The distribution of histone H3 mRNA was 
similar to that of cyclin A and Ki-67 however, the propor- 
tion of histone H3 mRNA positive cells was less than that 
of Ki-67. The SI ranged from 1.8-24.2 (mean: 12.4 ±5.3). 

The PRAD-l probe detected 3 EcoRI fragments of 4.0, 2.2 
and 2.0 and 1 BglW fragment of 15 Kb. PRAD-l/cyclin Dl 
gene amplification was detected in 22/50 (44%) cases 
analyzed. The degree of amplification was heterogeneous 
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Figure 2 

A case of well differentiated adenocarcinoma with positive imrnunostaining for: (a) cydin D/ t (b) histone H3 mRNA, (c) K/-67, 
and (d) cydin A. Another case of moderately differentiated denocarcinoma with positive imrnunostaining for: (e) cyclin D I, (f) 
histone H3 mRNA. (g) K/-67, and (h) cydin A. A case of poorly differentiated adenocarcinoma with diffuse staining for: (i) cydin 
D / , (j) ISH of histone H3 mRNA, (k) K/-6 7 and (I) cydin A. 



with 2-10 fold increase when compared to normal 
mucosal samples (Figure 3). Amplification was confirmed 
by other restriction enzymes. 

Correlations 

There was a significant correlation between cyclin Dl gene 
amplification and protein overexpression. Out of the 22 



cases that showed amplification 14 showed protein over- 
expression (concordance = 63.6%). 

Linear regression analysis of Sis revealed a significant cor- 
relation between Ki-67 and cyclin Dl, cyclin A, histone H3 
as well as between the Sis of cyclin A and histone H3 (p = 
0.008, 0.0001, and 0.0001 respectively) (Figure 4). There 
was a significant relationship between the SI of both Ki-67 
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Figure 3 

A: Southern blot analysis of normal mucosa (N) and their seven corresponding cases of colonic adenocarcinomas (TI-T7), 
cases No. I, 2, 4, and 5 are poorly differentiated whereas cases No. 3, 6, and 7 are moderately differentiated. Genomic DNA 
was digested with Bg/ll, fractionated by electrophoresis in agarose gel, transferred onto membranes and hybridized with PRADI 
and 0-actin. Tumors number 1-6 (Lanes 1-6) show different degrees of PRAD I /cydin Dl amplification, tumor number 7 (lane 7) 
was not amplified. B: Southern blot analysis of 3 cases of adenocarcinomas (T) and matched normal colonic mucosa (N). 
Genomic DNA was digested with EcoRI, fractionated by electrophoresis in agarose gel, transferred onto membranes and 
hybridized with PRAD I and fi-actin probes for loading control. The identification of the 3 tumors is the same as in Fig. 3 A with 
amplification of PRADI /cydin Dl in tumors number 4, 5 (Lanes I. 2) but not 7 (Lane 3). 



and cydin A and the degree of differentiation of tumors as 
well as the size of the tumor (p < 0.001 and p < 0.01 
respectively). In addition, SI of Ki-67 and histone H3 were 
higher in patients <50 years than in those £50 years (p < 
0.05) (table 1). 



In addition table 2 shows a significant relationship 
between high cydin Dl SI and large, poorly-differentiated 
tumors, carcinomas with positive lymph node metastasis 
and deepiy-invasive carcinomas (p < 0.05, p < 0.001, p < 
0.05 and p < 0.05 respectively). Whereas cydin DJ gene 
amplification was significantly associated with an 
advanced disease stage since amplification was detected in 
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Figure 4 

Correlation between the staining intensity of (a) Ki-67 vs. cyclin D/, (b) Ki-67 vs. histone H3. (c) Ki-67 vs. cyclin A and (d) cyc/in A 
vs. /l/stone H3 mRNA expression. 



10/15 (66.7%) of stage IV tumors compared to 12/45 
(26.7%) of stage I-III tumors (p = 0.002). Similarly, DNA 
amplification was detected in 60.5% (26/43) of the carci- 
nomas with extensive local invasion (beyond sm) but 
only in 23.5% (4/17) of the carcinomas with limited inva- 
sion (m, sm) (p = 0.001). A significant correlation was 
also present between cyclin Dl gene amplification and the 
presence of lymph node metastasis (p = 0.008) as well as 
between the SI of histone H3, the size of the tumor and the 
patient's age (p < 0.05, p < 0.001 respectively). The SI was 
higher in tumors >5 cm in diameter and in patients <50 
years. 

Survival analysis 

The mean follow-up period for all patients was 30 months 
(range: 1-66 months). Eighteen of 60 patients had 
already died by the time the study was completed. We 



defined the cutoff level for overexpression of each cell 
cycle marker at the point that showed the maximum dif- 
ference of survival rate between the 2 groups separated by 
that point. Cox regression analysis revealed that cyclin A 
overexpression (our definition: SI > 10.5), cyclin Dl over- 
expression (our definition: SI > 6.1), poorly differentiated 
histology, lymph node metastasis, TNM stage, tumor size 
and depth of invasion were all significant prognostic var- 
iables for survival (Table 3). The Kaplan-Meier survival 
curves for the subgroups of patients who are subdivided 
according to each marker's status are shown in Figure 5. 
Patient with tumors that showed Ki-67 overexpression 
(our definition: SI > 1 1.5) and histone H3 overexpression 
(our definition: SI > 8.2) tended to have poor prognosis 
but this did not reach a statistically significant level, how- 
ever the overall survival was significantly lower in patient 
with cyclin A and cyclin Dl overexpression. Cox multivari- 
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Table 2: The relation between cydin Dl overexpression vs cydin Dl amplification and clinicopathologicai prognostic markers. 
Variables No. of cases 



Cydin Dl overexpression 



Cydin Dl Amplification 



Tumor size (cm) 



<5.0 


33 


5.3 ± 3.8* 






13/33 




25.0 


27 


22.8 ± 7.2 p <0.05 






9/27 p <0.236 




Histology 










Gl 


15 


6.6 ± 4.0 






7/15 




Gil 


21 


8.9 ± 3.6 






8/21 




GUI 


24 


22.0 ±8.1 p<0.00/ 






7/24 p <0.075 




Lymph node 










Negative 


33 


5.4 ± 5.3* 






6/33(18.2%) 




Positive 


27 


20.6 ± 6.9 p <0.05 






16/27 (59.3%) p <0.008 


Depth of invasion 














m, sm 


17 


3.1 ±3.1* 






4/17(23.5%) 




beyond sm 
Stage 


43 


12.4 ± 6.5 p<0.05 






26/43 (60.5%) p<0. 001 


early 


45 


5.5 ± 10.1 






12/45 (26.7%) 




late 


15 


11.3 ± 9.6 P = 0./75 






10/15 (66.7%) p<0.002 


Table 3: Uunivariate analysis of the relationship between survival and the tested markers 


rreoictf ve Yanaoies 


Median Survival 


HR 


CI 




P 


Ki-67 














<ll.5 


36 












£ll.5 


32 


1.826 


0.636- 


- 5.243 




0.26 


Cydin Dl 














<6.l 


35 












£6. 1 


18 


7.246 


1.007- 


45.150 




0.03* 


Histone H3 














<8.2 


35 












>8.2 


29 


4.639 


0.854- 


25.196 




0.07 


Cyc//n A 














<I0.5 


35 












2:10.5 


15 


7.820 


1.017- 


60.(22 




0.02* 


Histological grade 














Low 


38 












High 


10 


7.331 


2.696 - 


19.940 




0.0001* 


Lymph node 














Negative 


38 












Positive 


15 


6.826 


1.973- 


23.621 




0.002* 


Stage 














1, II, III 


38 












IV 


12 


6.378 


1.842- 


22.083 




0.001* 


Tumor size (cm) 














<5.0 


35 












£5.0 


13 


4.835 


1.386- 


16.868 




0.01* 


Depth of invasion 














TI.T2 


36 












T3.T4 


20 


7.759 


1.024- 


58.789 




0.04* 


Age (years) 














<50 


38 














28 


2.802 


0.988- 


- 7.943 




0.0526 


Sex 














Male 


38 












Female 


36 


0.696 


00.274- 


- 1.766 




0.4449 



* p. value < 0.05 (significant) 

HR: Hazard Ratio 

CI: 95% confidence Interval 
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Figure 5 

Kaplan-Meier survival curves for colorectal carcinoma. Overall survival is significantly lower in patients with (a) cyclin A and (b) 
cyclin 01 overexpression. Patients with high SI for histone H3 mRNA have poorer prognosis but this was not statistically signif- 
icant (c). No significant difference was present between patients with high K/-67 SI and those with low Ki-67 SI (d). 



ate regression analysis revealed that lymph node metasta- 
sis, cyclin A and cyclin Dl overexpression were 
independent negative prognostic factors after adjustment 
for the depth of tumor invasion, age and sex of the patient 
(Table 4). 

Discussion 

The proliferative activity of CRC cells has been investi- 
gated in several studies either by immunohistochemical 
determination of cell proliferation index using antibodies 
to some types of cyclins or by flowcytometric determina- 
tion of the SPF of the cell cycle [8J. Although Leach et al. 
[17] did not find cyclin Dl gene amplification in a panel 
of 47 CRC cell lines; its protein was overexpressed in 
about 30% of CRC cases that were included in the studies 



of Bartakova et al. [6) and Arber et al. [ 1 8). In the former 
study [6]cydin Dl was aberrantly accumulated in a 
significant subset of human CRC cases and the cell lines 
derived from these cases were dependent on cyclin in their 
cell cycle progression. In the second study (18], overex- 
pression of cyclin Dl was detected in 30% of adenomatous 
polyps indicating that overexpression is a relatively early 
event in colon carcinogenesis which is possibly responsi- 
ble for the pathological changes in the mucosa preceding 
neoplastic transformation. More recently, Holland et al. 
[19], Pasz-Walczak et al. [20] and Utsunomiya et al. [21] 
reported up-regulation of cyclin Dl in 58.7%, 100% and 
43% of their studied cases respectively. 
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Table 4: Multivariate analysis ofthe relationship between survival 
and thetested markers 



PredlctiveVariables 


HR 


a 


P 


Cyclin Dl 


10.864 


1.055-86.250 


0.03* 


(baseline < 6.1) 








Cyclin A 


13.886 


1.012- 190.579 


0.0490* 


(baseline < 10.5) 








Positive Lymph node 


3.921 


1.057- 14.472 


0.0410* 


metastasis 








Stage IV 


3.411 


1.048- 12.083 


0.03* 


Depth of invasion 








T3.T4 


5.408 


0.449 - 65.080 


0.1836 


Age (years) 










1.996 


0.678-5.878 


0.2310 


Sex 


0.910 


0.315-2.358 


0.8453 



p. value < 0.05 (significant) 

HR: Hazard Ratio 

CI: 95% confidence Interval 



In the present study, up-regulation of cyclin Dl was 
detected in 68.3% of the cases. The SI was significantly 
higher in carcinomas than in normal colorectal mucosa 
and in poorly-differentiated adenocarcinomas it was 
approximately twice that of other histological types. 
Amplification and/or overexpression of cyclin Dl signifi- 
cantly correlated with deeply invasive tumors and positive 
lymph node metastasis. Our results in this regards are con- 
sistent with previous studies [8,22]. In 2001, Holland et 
al. [19]. demonstrated that deregulation of cyclin Dl and 
p21 wa f proteins are important in colorectal tumorigenesis 
and have implications for patient prognosis. Similarly 
McKay etal. [23] found that cyclin Dl was the only protein 
in their panel {cyclin Dl, p53, plG, Rb-1, PCNA and p27) 
that correlated with improved outcome in CRC patients. 
However, few studies failed to detect any correlation 
between cyclin Dl overexpression and the 
clinico pathological factors in CRC [6,18]. This contro- 
versy in results could partially be explained by the differ- 
ence in the sampling of studied cases. The present study 
included 24 cases of poorly differentiated adenocarci- 
noma, which is not common in other studies of CRC in 
western countries. This was possible because the majority 
of CRC cases diagnosed in Egypt are of high histological 
grade [3]. The correlation between cyclin Dl overexpres- 
sion and the high histological grade was also reported in 
other tumor types including non-small cell lung 
carcinomas [24] and squamous cell carcinomas of the lar- 
ynx [16]. Another possible explanation for the observed 
controversy in the results of different studies is the detec- 
tion method used. 

In die present work, overexpression of cyclin Dl was more 
common than gene amplification of the PRAD-1 /cyclin Dl 



gene with a 63.6% concordance. This was similarly 
reported by Bartakova et al. [6] who mentioned that there 
is a subset of CRC cases in which cyclin Dl is overex- 
pressed without PRAD-1 /cyclin Dl gene amplification. 
Consistent with this hypothesis are reports of elevated eye- 
lin Dl mRNA levels and immunohistochemically detecta- 
ble accumulation of the protein in over one third of breast 
cancer cases at a frequency significantly higher than that 
deduced from DNA amplification studies [9,25]. These 
data imply that mechanisms other than gene 
amplification can also lead to deregulation and accumu- 
lation of cyclin Dl in solid tumors. 

So far, several studies were done to reveal the prognostic 
significance of cyclin Dl overexpression in various carci- 
nomas, including CRC [22]. However, these studies 
yielded conflicting results which could be attributed to 
organ heterogeneity. In our study, patients with tumors 
that exhibited cyclin Dl overexpression tended to have 
poor prognosis. 

It was reported that, patients with cyclin A positive carci- 
nomas had significantly shorter median survival times. 
Handa et al. [8] were able to detect cyclin A overexpression 
in 77% of their CRC cases. They also demonstrated that, 
cylcin A could be used as a prognostic factor of CRC. More 
recently, Habermann et al. [26] studied cases of ulcerative 
colitis with and without an associated adenocarcinoma 
for the presence of cyclin A overexpression. They found 
that, cyclin A overexpression was higher in cases of ulcera- 
tive colitis with adenocarcinomas than in those without 
adenocarcinomas. Consequently, they concluded that, 
cyclin A could be used for monitoring ulcerative colitis 
patients and for the early detection of an emerging carci- 
noma in this high risk group of patients. 

In our study, cyclin A was detected in 80% of the patients 
and Cox regression analysis showed that it could be used 
as a prognostic marker in CRC in addition to cyclin Dl . 

It would have been useful if we assessed the expression 
level of cyclin A by another technique (DNA 
amplification). This would have added more information 
regarding the gene status on one hand and confirmed the 
results of IHC on the other hand. Unfortunately, this was 
not possible because in most of the cases included in the 
present work, the extracted DNA was not sufficient to 
study cyclin amplification after the assessment of cyclin Dl . 

In 1996, Nagao et al. [11] reported that histone H3 labe- 
ling index significantly correlated with ki-67 immunos- 
taining and was high in poorly differentiated human 
hepatocellular carcinoma. This was similarly reported in 
the present work since we found a significant correlation 
between the SI of histone H3 and Ki-67. However, no 
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statistically significant correlation was found between his- 
tone H3 SI and any of the studied dinicopathological 
factors. 

Although Ki-67 immunostaining reflects the proliferative 
activity of CRC, it has not been recognized as a significant 
prognostic factor in this type of tumors [27,28]. However, 
Suzuki at al. [29] found a significant correlation between 
Ki-67 labeling index and local invasion of CRC. In the 
present study there was a significant relationship between 
the SI of Ki-67, tumor size and grade. However, Kaplan- 
Meier survival curves showed no significant difference in 
survival rates between patients with- and without overex- 
pression of Ki-67. 

Conclusions 

Our results demonstrate that cyclin Dl, cyclin A, histone H3 
and Ki-67 are overexpressed in a subset of CRC, however 
only cyclin Dl and cyclin A overexpression correlates with 
poor differentiation and tumor progression. This indi- 
cates the superiority of cyclin A and cyclin Dl as indicators 
of poor prognosis compared to Ki-67 and histone H3 
mRNA in CRC. Cyclin A and Dl could therefore be consid- 
ered significant, independent prognostic factors in CRC 
patients. These findings are especially important in stage 
II patients since 25-30% of those patients have poor prog- 
nosis in spite of being node-negative. However, the stand- 
ard clinicopathologic prognostic factors can not identify 
this subset accurately and therefore; there is a great 
demand for more accurate, individually-based, biological 
prognostic parameters that help in detecting this high risk 
group of patients who can benefit from an adjuvant ther- 
apy. If the findings of the present study are confirmed in a 
larger study, evaluation of cyclin A and Dl may be applica- 
ble to clinical management of CRC, allowing the identifi- 
cation of patients with poor prognosis. 
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In this study, we analysed gene amplification. RNA expression and protein expression of the c-myc gene on archival tissue specimens 
of high-grade human breast cancer, using fluorescent in situ hybridisation (FISH), nonradioactive in situ hybridisation and 
immunohistochemistry. The specific question that we addressed was whether expression of c-Myc mRNA and protein were 
correlated with its gene copy amplification, as determined by FISH. Although c-Myc is one of the most commonly amplified 
oncogenes in human breast cancer, few studies have utilised in situ approaches to directly analyse the gene copy amplification, RNA 
transcription and protein expression on human breast tumour tissue sections. We now report that by using the sensitive FISH 
technique, a high proportion (70%) of high-grade breast carcinoma were amplified for the c-myc gene, irrespective of status of the 
oestrogen receptor. However, the level of amplification was low, ranging between one and four copies of gene gains, and the majority 
(84%) of the cases with this gene amplification gained only one to two copies. Approximately 92% of the cases were positive for c- 
myc RNA transcription, and essentially all demonstrated c-myc protein expression. In fact, a wide range of expression levels were 
detected. Statistically significant correlations were identified among the gene amplification indices, the RNA expression scores and 
protein expression scores, c-myc gene amplification, as detected by FISH, was significantly associated with expression of its mRNA, as 
measured by the intensity of in situ hybndisation in invasive cells (P = 0.0067), and by the percentage of invasive cells positive for 
mRNA expression (P = 0.0006). c-myc gene amplification was also correlated with the percentage of tumour cells which expressed 
high levels of its protein, as detected by immunohistochemistry in invasive cells (P = 0.00 1 6). Thus, although multiple mechanisms are 
known to regulate normal and aberrent expression of c-myc. in this study, where in situ methodologies were used to evaluate high- 
grade human breast cancers, gene amplification of c-myc appears to play a key role in regulating expression of its mRNA and protein 
Bnvsh Journal of Cancer (2004) 90, 1 612- 1619. doi: 1 0. 1 038/sj.bjc.660 1 703 www.bjcancer.com 
Published online 30 March 2004 
© 2004 Cancer Research UK 
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The c-myc oncogene has been shown to be amplified and/or 
overexpressed in many types of human cancer (Marcu et al, 1992; 
Nass and Dickson, 1997; Nesbit et al, 1999; Liao and Dickson, 
2000). Numerous experiments in vivo have also causally linked 
aberrant expression of this gene to the development and 
progression of cancer in different body sites (Marcu et al, 1992; 
Nass and Dickson, 1997; Nesbit et al, 1999; Liao and Dickson, 
2000). However, several critical issues regarding the significance of 
c-myc in human cancer still remain obscure. First, even for a given 
type of malignancy, the frequencies of the alterations of c-myc at 
the cytogenetic and expression levels vary greatly from one report 
to another (Liao and Dickson, 2000). For instance, the frequencies 
of its amplification, mRNA and protein overexpression in breast 
cancer vary between 1-94, 22-95 and roughly 50-100%, 
respectively, among different reports (Liao and Dickson, 2000). 
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Thus, it is still unclear to what extent this gene is altered at the 
cytogenetic level and at different expression levels in breast 
carcinoma. 

One controversial issue pertains to the prognostic value of c-myc 
gene alterations in cancer. The central role of c-Myc protein in 
accelerating cell proliferation, documented by many early studies, 
has led to a general concept for many types of cancer that 
amplification or overexpression of this gene may be associated 
with a more aggressive tumour and a poorer patient survival 
(Berns et al, 1992; Marcu et al, 1992; Sato et al, 1995; Nass and 
Dickson, 1997; Nesbit el al y 1999; Visca et al y 1999; Liao and 
Dickson, 2000). However, many reports have shown an opposite 
correlation (Sikora et al y 1985, 1987; Watson et al y 1986; Polacarz 
et al y 1989; Voravud et al y 1989; Williams et al y 1990; Melhem et al y 
1992; Pietilainen et al, 1995; Diebold et al y 1996; Smith and Goh, 
1996; Augenlich et al y 1997; Bieche et al, 1999), while other studies 
do not support either of these conclusions. For instance, gene 
amplification or overexpression of c-Myc protein has also been 
shown to associate with a better tumour differentiation or a better 
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patient survival for cancer of the testis, ovary, bile ducts, colon and 
breast (Sikora et al, 1985, 1987; Watson et al, 1986; Polacarz et al, 
1989; Voravud et al, 1989; Williams et al, 1990; Melhem et al, 1992; 
Pietilainen et al, 1995; Diebold et al, 1996; Smith and Goh, 1996; 
Augenlich et al, 1997; Bieche et al, 1999). This controversy does 
not appear to be related completely to the cancer type, since both 
positive (Berns et al, 1992; Visca et al, 1999) and negative 
(Williams et al, 1990; Melhem et al, 1992; Pietilainen et al, 1995; 
Smith and Goh, 1996; Augenlich et al, 1997; Bieche et al, 1999) 
correlations have been reported for colon cancer and breast 
cancer. More interestingly, c-Myc overexpression has been shown 
to predict a poorer prognosis for cutaneous melanoma, but a 
favourable outcome for uveal melanoma (Grover et al, 1997; Chana 
et al, 1998a, b, 1999; Grover et al, 1999). These data indicate 
different roles of c-Myc, even in the same type of tumour, perhaps 
depending upon different tissue microenvironments. 

Another controversial issue concerns the nuclear -cytoplasmic 
localisation of c-Myc. Studies of neoplasms of the colon, testis, 
ovary and liver have shown that predominandy nuclear localisa- 
tion of c-Myc tends to occur in benign lesions, while cytoplasmic 
localisation tends to occur in more malignant tumours (Sikora 
et al, 1985; Sundaresan et al, 1987; Melhem et al, 1992; Sasano et al, 
1992; Yuen et al, 2001). Whether these patterns of subcellular 
localisation of c-Myc tend to reflect the malignant status of breast 
cancer remains an enigma. 

A recent study of the impact of DNA amplification on gene 
expression patterns in breast cancer used mRNA and DNA from 14 
breast cancer cell lines. Analysis was conducted with a 13 000 
cDNA clone array for gene expression measurement and a 
Comparative Genomic Hybridisation (CGH) microarray for gene 
copy number measurements. This study also included known 
breast cancer genes, such as c-myc, HER/2-neu and aibl (Hyman 
et al, 2002). Interestingly, 44% of the most highly amplified genes 
were also overexpressed at the mRNA level. Consistent with this 
pattern, c-Myc gene copy number and its expression levels showed 
a statistically significant (a = 0.020) correlation in this microarray 
study of breast cancer cell lines. Another study, by Pollack and 
colleagues, used microarray analysis and BAC array CGH of RNA 
and DNA (respectively) extracted from intermediate grade human 
breast tissues, and tested for amplification and expression of c- 
Myc (among other genes). This study demonstrated that two out of 
37 specimens were both amplified and overexpressed, while others 
were either amplified or overexpressed, but not both. The authors 
of this study suggested that contaminating stromal tissue may 
compress the fluorescence ratios leading to underestimates of gene 
amplification and overexpression (Pollack et al, 2002). 

To more clearly address the importance of gene amplification 
and expression of c-Myc in human breast cancer, we used in situ 
methodologies, which can clearly distinguish stromal and carci- 
noma components. We studied the amplification and over 
expression of the c-myc gene with fluorescent in situ hybridisation 
(FISH), non-radioactive in situ hybridisation (ISH) and immuno- 
histochemical (IHC) approaches on paraffin-embedded biopsy 
sections of untreated, high-grade breast cancer. It was observed 
that 70, 92 and 70% of the cancer cases exhibited c-myc gene 
amplification, its mRNA overexpression and its protein over 
expression, respectively. In most of the cases (84%) that showed 
gene amplification, the c-myc gene gained only one to two copies, 
which is consistent with c-myc FISH data from other studies. 
Unlike some oncogenes, such as N-myc, which typically demon- 
strates gene amplification copy numbers of greater then 10 in 
neuroblastoma, and HER-2/neu (Sartelet et al, 2002), whose copy 
numbers range up to 14-40 in breast carcinomas (Isola et al, 
1999), gene copy numbers of c-myc are not as greatly increased. In 
the study noted earlier, using breast cancer cell line CGH array and 
cDNA microarray expression analysis, it was demonstrated that 
the most dramatically increased expression levels were associated 
with large gene copy number increases, although low-level gains 



and losses had a significant influence on gene expression 
dysregulation (Hyman et al, 2002). Only one study has been 
published (Pollack et al, 2002) that has begun to determine if these 
findings are direcdy relevant to actual human breast tumour 
tissues, since many of the genetic changes in tissue culture cell 
lines are more extreme than those displayed in primary tumour 
material. Furthermore, the relationships among gene amplifica- 
tion, mRNA expression and c-Myc protein expression were not 
explored in prior human breast cancer cell line and tumour tissue 
studies (Hyman et al, 2002; Pollack et al, 2002). 

In our human breast tumour tissue study, a high correlation was 
found between c-myc FISH and ISH, for both percentage of 
staining (P< 0.0067) and intensity positive cells (P< 0.0006). In 
addition, c-myc gene copy amplification by FISH was correlated 
with c-Myc protein expression positive cells by IHC (P<0.0016). 
These results support the idea that c-Myc overexpression of both 
mRNA and protein is related to the copy number of the c-myc 
DNA amplification. We show in this study that amplification and 
overexpression of c-Myc occur with high frequency in high-grade 
human breast cancer tissues. 



MATERIALS AND METHODS 
Materials 

Formalin-fixed, paraffin-embedded tissue blocks of breast carci- 
noma and normal breast tissue were obtained from the 
Histopathology and Tissue Shared Resource at the Lombardi 
Comprehensive Cancer Center (LCCC), at Georgetown University 
Medical Center. The criteria for tumour selection were the 
following: negative progesterone receptor status, metastases to 
auxiliary lymph nodes and high grade (Elston Score >7). The 
oestrogen receptor status of the tumours was known from archived 
pathology reports. The parameters were chosen from our prior 
meta-analysis (Deming et al, 2000), as indications of a high 
likelihood of c-myc gene amplification. Normal breast tissue 
specimens were from reduction mammoplasty. Serial sections 
(5 /mi) for FISH, ISH and IHC were prepared by the LCCC 
Histopathology and Tissue Shared Resource. 



FISH 

A dual-label FISH technique was used (Jenkins et al, 1997). Slides 
were baked overnight at 60°C to assure adherence of the sample. 
Tissue sections were deparaffinised with two successive, lOmin 
xylene washes, and then dehydrated in a graded ethanol series of 
70, 80 and 95% at room temperature. Samples were then digested 
with 4% pepsin (Sigma, St Louis, MO, USA) at 45°C for lOmin. 
DNA probes used were an alpha satellite probe to chromosome 8, 
labelled with biotin, and a c-myc probe, labelled with digoxigenin 
(Ventana, Tucson, AZ, USA). Codenaturation was performed at 
90° for IOmin on a hot plate. Hybridisation was at 37°C for 12- 
16 h. Detection of signals was accomplished with an antiavidin 
antibody labelled with Texas Red, and an antidigoxigenin antibody 
conjugated to fluorescein (Ventana, Tucson, AZ, USA). Slides were 
postwashed in 2 x SSC at 72°C for 5 min and counterstained with 
DAPI to visualise cell nuclei. Results were viewed and quantified 
with a Zeiss Axiophot fluorescence microscope, equipped with 
appropriate filters and an Applied Imaging Cytovision system 
(Pittsburgh, PA, USA). In this approach, the c-myc unique 
sequence probe was visualised as a green signal and the control 
probe for the chromosome 8 centromere was red, thus easily being 
distinguished when scored. 

One serial section from each tumour sample was stained with 
haematoxylin and eosin and first reviewed by a pathologist (BS), to 
help identify the tumour area of the section. This procedure 
ensured that the tumour cells, but not the normal cells, were 
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counted. Nuclei of up to 50 tumour cells were scored from each 
FISH-stained section, independently by two investigators. Hybri- 
disation signals were averaged, and the amplification index was 
presented as the number of c-myc signals divided by the number of 
chromosome 8 centromere signals. A 1.8-fold increase was used as 
the criterion to judge the presence of c-myc gene amplification. 

In situ hybridisation 

In situ hybridisation (ISH) was carried out with a nonradioactive 
method, described previously (Liao et al> 2000a, b). One serial 
section from each specimen was hybridised overnight at 60°C with 
riboprobes, that were in vitro transcribed from the antisense or 
sense strand of an approximately 300 bp cDNA of human c-myc 
(ATCC, Manassas, VA, USA), labelled with digoxigenin-conjugated 
UTP. The sections were then incubated with an antibody against 
digoxigenin, followed by incubation with a second antibody 
conjugated to alkaline phosphatase. The signal was visualised by 
colour development with 5 bromo-4-chloro-3-indolyl phosphate 
and nitroblue tetrazolium. All reagents were purchased from 
Boehringer Mannheim, Indianapolis, IA. To control the signal 
specificity, two serial sections were mounted on the same slide for 
hybridisation with the antisense and sense probes, respectively. 
ISH was given an intensity and percentage scores, based on 
intensity of positive staining and number of cells staining, 
respectively. Intensity scores were assigned 0, 1, 2 and 3, and 
percentage scores were assigned as 1- 1-25, 2- 26-50, 3- 51-75 
and 4- 76-100%. 

Immunohistochemistry 

Immunohistochemical staining (IHC) was performed using an 
avidin-biotin complex (ABC) method described previously (Liao 
et aU 1998). One serial section of each specimen was deparaffinised 
and blocked with 3% peroxide. Antigens were retrieved by heating 
slides in a microwave oven in 50 mw citrate buffer, pH 6.4, at 
boiling temperature, for 12min. After blocking with 6% normal 
goat serum, the section was incubated with a mouse monoclonal 
antibody to human c-Myc (9E10, Sigma Chemical Company, St 
Louis, MO, USA) at 1:100 dilution for 2h, followed by Ih 
incubation with a second antibody conjugated with biotin (Vector 
Laboratories Inc., Burlingame, CA, USA). The section was then 
incubated with peroxidase-conjugated avidin (Dako, Corporation, 
Carpinteria, CA, USA) for 30 min, followed by colour development 
with diaminobenzidine and peroxide. All procedures were carried 
out at room temperature. To control the signal specificity, serial 
sections from 10 tumour samples were also stained using an 
alternate c-Myc antibody (CI 9 from Santa Cruz Biotechnology 
Inc., Santa Cruz, CA, USA) at 1 : 60 dilution. This antibody resulted 
in focally positive staining in the tumour, but the staining intensity 
was weaker. To control the signal specificity, serial sections were 
made from five selected positive cases which were subjected to the 
same staining procedure, with a normal mouse IgG to replace the 
c-Myc antibody. This control staining did not give rise to a signal, 
demonstrating the specificity of the c-Myc antibody signal. IHC 
staining was given an intensity and percentage score based upon 
the intensity of positive staining and number of cells staining. 
Intensity scores were assigned 0, 1, 2 and 3 and percentage scores 
were assigned as 1- 1-25, 2- 26-50, 3- 51-75 and 4- 76-100%. 
Determinations were made of cellular localisation of c-Myc 
antibody staining to cytoplasm and/or nucleus in normal and 
invasive cells within each breast tumour specimen. 

Statistical analyses 

For each analysis of gene copy amplification (FISH), mRNA 
expression (ISH) and protein expression (IHC), all cases were first 
grouped as positive or negative to calculate the percentages of 



positive cases and negative cases, as described (Zar, 1974). Fisher's 
exact test was used to compare percentages, and two-sample f-test 
or Wilcoxon rank test was used to compare average scores. Both 
ISH and IHC were given intensity and percentage scores, based on 
intensity of positive staining and number of cells staining, 
respectively. As noted earlier, intensity scores were assigned 0, 1, 
2 and 3 and percentage scores were assigned as 1- 1 - 25, 2- 26-50, 
3- 51-75 and 4- 76-100%. A score of >2 for either intensity of 
staining or percentage of cells positive by ISH was assigned as 
high. For IHC, an intensity score of > 1 was assigned as high and a 
percentage score of > 3 was categorised as high. Each amplifica- 
tion index was paired with its corresponding mRNA expression 
score to calculate the coefficient r. The same method was used to 
estimate the association of the amplification indices with the c- 
Myc protein expression levels, and the association of the mRNA 
expression levels with the protein expression levels. A P-value of 
0.05 or less was used to determine the statistical significance in all 
analyses. In all, 54 pairs of normal vs invasive tissues were analysed 
using McNemars x 2 test to determine if there was a difference in 
cellular localisation of c-Myc antibody signal to nuclear or 
cytoplasmic compartments. 



RESULTS 

FISH analysis of gene amplification 

Amplification of the c-myc gene was measured by a FISH test in 46 
cases of breast cancer; Figure 1 demonstrates cells with no 
amplification (one copy of c-myc /one copy of chromosome 8 
centromere, and a moderate amplification a 3/1 ratio). Amplifica- 
tion was calculated by the number of c-myc signals divided by the 
number of chromosome 8 alpha satellite signals. A 1.8-fold 
increase cut-off was used to judge gene amplification. As shown 
in Table 1, 32 out of 46 (70%) cases were gene amplified for c-myc, 
whereas only 30% (14/46) of the cases showed amplification 
indices lower than the cut-off value. The amplification indices for 
most (84%, or 27/32) cases with gene amplification, ranged 
between 1,8- and three-fold, indicating that the locus gained up to 
two copies of c-myc in the majority of the cases. The percentage of 
cases with gene gains of three copies or higher was 11% (five out of 
46) of total cases analysed, or near 16% (five out of 32) of the cases 
with gene amplification, including one case (2% of total cases or 
3% of the cases with gene amplification) with the highest index of 5 
(a gain of four copies). 

In all, 28 of the breast carcinomas in this study were ER 
negative, and 14 were ER positive. The average c-myc gene 
amplification score was 1.896 (s.e. = 0.196) for ER positive and 
2.201 (s.e. = 0.157) for ER negative. Although ER-negative tumours 
had a slightly higher average c-myc score, the difference was not 
statistically significant (two-sided P = 0.252 from two-sample f-test 
and 0.251 from Wilcoxon rank test), consistent with the results of 
our prior meta-analysis of the literature (Deming et ai y 2000). 

In situ hybridisation analysis of c-myc mRNA expression 

A total of 51 breast cancer samples were studied for c-Myc mRNA 
expression, with non radioactive in situ hybridisation (ISH). ISH 
results were assigned intensity and percentage scores based upon 
signal intensity of positive staining and number of cells staining 
within the sample, respectively. As shown in Table 2, 86% (44 out 
of 51) tumours were scored as high in intensity, and 92% (47out of 
51) had more than 51% positive cells, also considered as highly 
increased c-Myc expression. mRNA expression was heterogeneous 
in the breast tumour tissue, and no morphologic subtype was 
predominant in the high or low categories. One case showed no c- 
Myc ISH staining. In 79% (38/48) of cases, epithelia in normal 
mammary glands adjacent to the tumour also showed a high 
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Normal results 



c - roycAmpl ification 



Figure I FISH analysis of c-myc amplification in tumour cells from breast tumour tissue sections. FISH probe for human c-myc unique-sequence is seen as 
green, while the normal control signal, a centromeric probe signal for chromosome 8 is shown in red. The nuclei of tumour cells were visualised by DAPI 
counter-staining. (A) I : I copy ratio of c-myc to chromosome 8 (c-myc/8 centromere), indicating no amplification of c-myc in tumour cells. (B) 1:3 copy 
ratio of c-myc to chromosome 8 (c-myc/8 centromere), a moderate amplification of the c-myc gene. 



Table I c-myc gene copy amplification analysis by FISH in poor 
prognosis human breast tumour samples 



Amplification index 




(Uc-myc signals/ft 


Percentage of samples with 


control signals)-*' 


FISH ratios in each category 


1.0-1.7 


30% 14 out of 46 


1.8-1.99 


20% Nine out of 46 


2.0-19 


39% 18 out of 46 


>3.0 


1 1 % Five out of 46 



Analysis was conducted on 46 individual paraffin-embedded tissue samples with 
negative progesterone receptor status, positive lymph node involvement and high 
tumour grade. +Normal control ratio is I. 



intensity of staining. In three cases, no staining was seen in the 
normal terminal duct lobular units. Figure 2 shows representative 
fields of high, medium and low c-myc mRNA expression levels in 
invasive ductal carcinoma samples. 

Association of FISH and ISH 

c-Myc scores were dichotomised as binary variables (high or low), 
and a score of 2 or higher was categorised as high on ISH. A score 
higher than median was categorised as high from FISH studies. 
These dichotomised scores are depicted in Table 3. A Fisher's exact 
test was performed for comparing binary responses to see if there 
was any association between FISH and ISH. It was found that the 
FISH score was significandy associated with percentage of staining 
in the invasive cells {P = 0.0067, two-sided McNemar's test) and 
also with the intensity score on ISH (P- 0.0006, two-sided). 



Immunohistochemical staining of c-Myc proteins 

In total, 51 breast carcinomas, which were subjected to FISH 
analysis, and all of which also had been analysed for c-myc mRNA 
by in situ hybridisation, were also analysed for the expression of c- 
Myc protein, using immunohistochemical staining with the 9E10 
antibody. IHC results were assigned an intensity and percentage 
score based on intensity of positive staining and number of cells 
staining, respectively. Intensity scores were assigned 0, 1, 2 and 3 
and percentage scores were assigned as 0, 1- 0-25, 2- 26-50, 3- 

© 2004 Oncer Research UK 



51-75 and 4- 76-100. For IHC, an intensity score of >l was 
assigned as high and a percentage score of > 3 was categorised as 
high. Figure 2 shows examples of high, medium and low levels of c- 
myc antibody staining in invasive ductal carcinoma samples. In 34 
cases, normal tissue was seen; 30 of these showed cytoplasmic 
staining and 22 had nuclear staining in terminal ductal lobular 
units. In all, 12 cases showed 1 -I- , 14 cases 2 + and four cases 3 + 
cytoplasmic staining. In situ hybridisation revealed positive 
staining in 46 out of 49 cases with normal tissue. Seven cases 
showed 1 + , 13 cases showed 2+ and 26 cases showed 3 + 
staining by ISH. Both immunohistochemistry and in situ 
hybridisation showed diffuse positivity in adipocytes. 

Table 4 shows the staining pattern for the cohort. In all, 70% (36 
out of 51) of cases showed high intensity of staining for c-Myc 
protein, while 85% (29 out of 34) of cases with detectable staining 
had more than 76% positive cells, also considered as high 
expression. To verify the staining specificity, serial sections from 
10 tumour specimens that were positive for 9E10 antibody were 
also stained using the C19 rabbit polyclonal anti-c-Myc antibody. 
Results revealed a staining pattern similar to 9E10. However, the 
staining intensity with C19 was weaker than 9E10. The specificity 
of these two antibodies was verified by Western blots in previous 
studies (Persons et al, 1997; Liao et a/, 2000b). Figure 2 shows 
results of c-Myc in situ hybridisation and immunohistochemistry 
studies on samples considered to demonstrate low, moderate and 
high levels of c-Myc expression. Analysis of c-Myc protein 
localisation results in the nucleus or cytoplasmic compartments 
of normal and invasive cells within the tumours revealed that 
nuclear staining was positive in 41% of normal cells, compared to 
22% of invasive cells (statistical significance at P = 0.01 by 
McNemar's two-sided x 2 test). The increase in relative cytoplasmic 
localisation of c-Myc protein, comparing normal (53.7%), to 
invasive cells (61.1%) was not significantly different. Thus, the data 
are consistent with partial exclusion of c-Myc from the nuclei of 
invasive breast cancer cells. 

The FISH score was significandy associated with the percentage 
positivity of invasive cells, as seen on IHC studies of c-Myc. 
However, 40% of tumours displayed a low index of c-myc gene 
amplification, but still expressed high levels of c-Myc protein 
(Table 6), indicating the possibility of other mechanisms of over 
expression unrelated to gene amplification in at least some 
tumours. The FISH score was not significandy associated with 
the intensity of IHC staining in the invasive cells (not shown), in 
contrast to the IHC percentage positivity score. 
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Table 2 c-myc mRNA in situ hybridisation (ISH) results 



Staining intensity 



3 Percent positivity 



Number of tumour samples in each category N = 5 1 I 6 25 19 Number of tumour samples in each level category N = 5 1 



42 



In all 5 1 human h.gh-grade breast carcinomas were analysed to determine the relationships between c-Myc mRNA expression and c-myc gene in situ hybridisation results. Data 
are shown ,n two ways in the above table. First overall staining intensity of c-Myc-positive cells was scored as 0, 1 , 2, 3 (low to high), and the number of tumour samples at each 
level of staining indicated on the ne below. Next, the percentage of tumour cells staining was scored as 0, 1, 2, 3. 4 (low to high %, as discussed in Materials and Methods) The 
number of tumours at each level of percent cell positivity for c-Myc is then indicated on the line below. 




Jgft&i 

Figure 2 Immunohistochemical staining and in situ hybridisation for c-Myc of three sets of invasive ductal carcinoma (A C and E) Hieh (3 + ) 
sSj by* 2tu hybnd'saion + ' ° f ^ immunohistochemistr >' for ( B - D ^d F) High (3 + ). intermediate (2 + ) and low ( I + ) level of 



DISCUSSION 

Although there have been many reports on c-myc amplification in 
human breast cancer (Liao and Dickson, 2000), there are only two 
published studies involving application of the FISH technique to 
unfixed, frozen sections (Persons et al, 1997; Visscher et a/, 1997), 
and one prior study using FISH on an archival human tissue 
microarray (Schraml et al y 1999). Another recent study applied 
FISH to evaluate c-rcryc amplification in ductal carcinoma in situ 



(DCIS) (Aulmann et al> 2002). Using the FISH technique on 
formalin-fixed, paraffin-embedded sections, we now show that 
70% of high-grade breast cancer samples bear c-myc gene copy 
amplifications. Interestingly, the above-mentioned study, using 
FISH and focusing on DCIS, detected amplification of c-nryc in 
only 20% of cases, but found a correlation of c-myc with increased 
tumour size and proliferation (Aulmann et al> 2002). 

The level of amplification of c-myc in our study ranged between 
one and four additional copies of the gene; the majority (84%) of 
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the cases with the gene amplification gained only one to two 
copies, also consistent with FISH data reported for c-myc copy 
amplification in human metastatic prostate carcinoma tissues 
(Jenkins et al, 1997). The relationship between the level of c-myc 
gene copy amplification and the level its increased mRNA 
expression has been examined previously in breast cancer cell 
lines (Hyman et al, 2002). In general, it has been concluded that 
the two scores coordinate for c-myc, as is the case for many breast 
cancer genes. However, only 44% of the highly amplified genes, in 
general, showed increased RNA expression, and only 10.5% of the 
highly overexpressed genes were gene copy-amplified in the cell 
line study (Hyman et al, 2002). Another analysis was conducted to 
study of relationships between gene amplification and expression 
of 6095 genes in 37 intermediate grade human breast tumours. 
This study demonstrated that 62% of the highly amplified genes 
also showed elevated expression; overall, a two-fold change in 
DNA copy number was associated with a 1.5-fold change in mRNA 
levels. Overall, 12% of the variation in gene expression in the 
breast tumours studied was associated with gene copy number 
variation (Pollack et al, 2002). Further study of additional human 
breast tumours, at precisely defined grades and stages, will be 
necessary in order to more fully define the relationships between 
DNA copy numbers and expression of genes. The studies we report 
here indicate higher levels of c-Myc gene amplification and 
expression, than other previous reports in breast cancer. We 
believe that this is probably the result of our analysis of individual 
tumour cells in a well-defined set of high-grade breast tumours. 
Prior c-Myc expression and amplification microarray studies used 
tumour specimens which contain normal stromal components, 



Table 3 Correlations between c-myc gene copy number (FISH) mRNA 
expression (ISH) 

FISH 



Low 



High 



(A) ISH (% cells) 






Low 


/ 


3 


High 


19 


18 






P = 0.0067 


(B) ISH (intensity) 






Low 


2 


5 


High 


18 


16 






P = 0.0006 



Serial sections of high-grade human breast carcinomas were scored for c-myc gene 
copy number (FISH, Table I) and mRNA expression (ISH, Table 2). In (A), a positive 
correlation (P — 0.0067) was observed between tumour samples with a high 
percentage of cells demonstrating mRNA expression and a high c-myc gene copy 
number. A score of 2 or higher was classified as high on ISH, and a score of median or 
greater was categorised as high on FISH. In (B), a positive correlation (P = 0.0006) 
was shown between a high level of intensity for c-Myc RNA expression a high and c- 
myc gene copy number. Note that a pairwise comparison of FISH and ISH was not 
possible for all cases, due to incomplete overlap of cases analysed with each assay. 



potentially underestimating amplification and expression levels of 
the invasive tumour components (Pollack et al, 2002). 

Our study reports a percentage of tumours gene amplified for o 
myc (using FISH in high-grade tumours) that is much higher than 
the average figure (15.5%) reported in the literature (Isola et al, 
2002). Most of the prior studies have employed the relatively 
insensitive Southern blot technique, and were reviewed in a 
recent meta-analysis (Deming et al, 2000). Consistent with this 
prior literature background, a recent study of 94 lobular and 
ductal breast cancers assessed amplification of c-myc by 
using a semiquantitative PCR assay and protein expression, with 
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and invasive cells 
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Normal cells 
(frequency percent) 


Invasive cells 
(frequency percent) 




Total 


(A) Nuclear localisation 












+ 






28 


4 


32 


+ 


14 


8 


22 


Total 


42 


12 


54 


(B) Cytoplasmic localisation 










12 


13 


25 


+ 


9 


20 


21 


Total 


21 


33 


54 



. In all, 54 pairs (normal vs invasive) of tissues were analysed to answer the questions of 
(I) whether positivity of nuclear cells in normal tissues is different from that in 
invasive cells, and similarly (2) whether positivity of cytoplasmic cells in normal tissues 
is different from that in invasive cells. The data are summarised in the above 
contingency tables. In all, 22 normal cell specimens were positive for c-Myc staining 
(4071%), compared to 12 specimens (22.2%) in invasive cells. The difference is 
statistically significant (P = 0.0 1 ) by McNemar's x 2 test (two-sided). 



Table 6 Correlation between c-Myc protein expression (IHC) and c- 
myc gene copy number (FISH) 



IHC {% cells) 




FISH 




Low 




High 


Low 


3 




0 


High 


10 




15 








P = 0.00 16 



Consecutive serial sections of high-grade human breast tumours were scored for c- 
myc gene copy number or protein expression, by immunohistochemistry (IHC). IHC 
scores were defined in the Materials and methods section. Data were analysed for 
correlations between the results. A highly significant correlation was observed 
between high c-Myc protein expression (IHC) between percent cells positive and 
high c-myc gene amplification (FISH). P = 0.00 1 6 from two-sided McNemar's test. 
Note that for 15 cases, no staining for c-Myc could be detected; these negative cases 
were not included in the correlation presented, above. 



Table 4 c-Myc immunohistochemistry (IHC) results 



Staining intensity 


0 




I 


3 


Percent positivity 


1 


2 


3 


4 


Number of tumour samples in each category 


15 


13 


20 


3 


Number of tumour samples in each category 


2 


2 


1 


29 



In all, 5 ! high-grade human breast carcinomas were analysed to determine the relationships between c-Myc protein expression and c-myc gene in situ hybridisation results. Data 
are shown in two ways in the above table. First, overall staining intensity of c-Myc-positive cells was scored as 0, 1 . 2. 3 (low to high), and the number of tumour samples at each 
level of staining is indicated on the line below. Next, in a random subset of these cases, the percentage of tumour cells staining was scored as 0. 1 . 2. 3. 4 (low to high %. as 
discussed in Materials and methods). The number of tumours at each level of percent cell positivity for c-Myc is indicated on the line below. 
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densitometry, after Western blot. These data showed c-myc gene 
amplification in 21% of tumours (Jenkins et al> 1997), using assays 
not based on in situ discrimination of tumour vs nontumour cells. 
The lower frequency of c-myc in this prior study is in contrast with 
the data we present here, and could be the result of the higher 
sensitivity and precision of the FISH and immuiiohistochemical 
methods, as distinct from quantitative PCR and Western blot 
densitometry. In addition, the 70% of amplified tumours in our 
study is also much higher than the 12% reported by Schram! et al 
(1999), using a c-myc FISH test on a tissue microarray. This large 
difference may be because the arrays are prepared from cores of 
paraffin-embedded tissue, as small as 0.6 mm in diameter which 
may contain too few tumour cells for complete analysis of 
amplification of a gene, such as c-myc. c-myc is known to be 
quite heterogeneous in its gene amplification within individual 
tumours (in contrast to HER2/neu, for example) (Persons et al> 
1997). 

Most previous reports on the expression of c-myc mRNA have 
utilised Northern blot, dot blot or PCR-based approaches, while 
just a few involved in situ hybridisation, which were primarily 
performed on frozen tissue sections (Liao and Dickson, 2000). 
Normal breast tissue is dominated by adipose cells, differing 
greatly from tumour tissue in its epithelial cellularity. Thus, 
normal and tumour tissues may not be rigorously compared by 
techniques involving RNA extraction from total tissue. Therefore, 
conclusions such as 'increased expression' may be more difficult to 
make from studies with Northern blot, dot blot and PCR-based 
techniques that require RNA extraction from tissues that have not 
been fastidiously micro-dissected for selection of tumour cells. 
Using a more sensitive, nonradioactive in situ hybridisation (ISH) 
approach on formalin-fixed, paraffin-embedded sections, we 
report herein high expression of c-myc mRNA in 92% of high- 
grade breast carcinomas. This figure is much higher than the 
recently reported data (22%), obtained by using a real-time RT- 
PCR method (Bieche et al, 1999). Dilution of the RNA from 
epithelium by the RNA from adipose in normal breast tissue in this 
latest prior report may be one of the possible explanations for this 
large difference. 

In conclusion, the present study shows that approximately 70, 92 
and 70% of biopsies of untreated high-grade breast cancer exhibit 
c-myc gene amplification, mRNA overexpression and protein 
overexpression, respectively. In most cases (84%), with gene copy 



amplification, the c-myc gene gains one to two additional copies, c- 
myc gene amplification was significandy associated with expres- 
sion of its mRNA (both by intensity in invasive cells and by 
percentage positivity in invasive cells), and with expression of its 
protein (by percentage positivity in invasive cells). However, our 
data were also consistent with the prior literature on c-Myc 
(reviewed in Nass and Dickson, 1997; Liao and Dickson, 2000), 
indicating complex transcriptional, post transcriptional, transla- 
tional and post-translational control of c-Myc expression in vitro. 
Specifically, in Table 5 we observed that in 40% of the high-grade 
tumours tested, c-Myc protein was expressed at high levels, despite 
a lack of its gene amplification. 

It will be interesting to analyse lower grade tumours and 
premalignant lesions, with the same measurement tools, to 
determine if this c-myc amplification pattern is different, 
comparing different steps in onset and progression of the 
disease. Specifically, prior studies in fibroblasts and in human 
mammary epithelial cells (Liao et al> 1998, 2000a, b) have 
demonstrated that only a subtle deregulation of expression of c- 
Myc is sufficient to allow genomic instability. These prior cell 
biologic findings raise the question of whether c-Myc protein 
expression precedes or follows its gene amplification during the 
course of the natural history of breast cancer. It will also be 
interesting for future studies of lower grade breast cancers and 
premalignant lesions to determine whether there is evidence of 
nuclear exclusion of c-Myc protein. Indeed, nuclear exclusion 
of c-Myc in high-grade tumours could serve to attenuate its 
functions in later stages of disease progression (Liao and Dickson, 
2000). 
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FROM DNA TO RNA 

Transcription and translation are the means by which cells read out, or express, 
the genetic instructions in their genes. Because many identical RNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. But each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate) the expression of each of its 
genes according to the needs of the moment — most obviously by controlling 
the production of its RNA. 



Figure 6-3 Genes can be expressed 
with different efficiencies. Gene A is 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A in the cell to be 
much greater than that of protein B. 



Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell takes in reading out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence — a gene— into an 
RNA nucleotide sequence. The information in RNA, although copied into another 
chemical form, is still written in essentially the same language as it is in DNA — 
the language of a nucleotide sequence. Hence the name transcription. 

Like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by phosphodiester bonds (Figure 6-4). It differs from 
DNA chemically in two' respects: (1) the nucleotides in RNA are 
ribonucleotides — that is, they contain the sugar ribose (hence the name ribonu- 
cleic acid) rather than deojcyribose; (2) although, like DNA, RNA contains the 
bases adenine (A)> guanine (G), and cytosine (C), it contains the base uracil (U) 
instead of the thyrnine (T) in DNA. Since U, like T, can base-pair by hydrogen- 
bonding with A (Figure 6-5), the complementary base-pairing properties 
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with 
C, and A pairs with U). It is not uncommon, however, to find other types of base 
pairs in RNA: for example, G pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall structure. Whereas DNA always occurs in cells as a double- 
stranded helix, RNA is single-stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up to form the final shape of 
a protein (Figure 6-6) . As we see later in this chapter, the ability to fold into com- 
plex three-dimensional shapes allows some RNA molecules to have structural 
and catalytic functions. 



Transcription Produces RNA Complementary to 
One Strand of DNA 

All of the RNA in a cell is made by DNA transcription, a process that has cer- 
tain similarities to the process of DNA replication discussed in Chapter 5. 
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Figure 6-89 Protein aggregates that cause human disease. (A) Schematic illustration of the type of 
conformational change In a protein that produces material for a cross-beta filament. (B) Diagram illustrating 
the self-infectious nature of the protein aggregation that Is central to prion diseases. PrP is highly unusual 
because the misfolded version of the protein, called PrP*, induces the normal PrP protein it contacts* to 
change its conformation, as shown. Most of the human diseases caused by protein aggregation are caused by 
the overproduction of a variant protein that is especially prone to aggregation, but because this structure Is 
not infectious in this way, it cannot spread from one animal to another. (C) Drawing of a cross-beta filament 
a common type of pro tease-resistant protein aggregate found in a variety of human neurological diseases. 
Because the hydrogen-bond interactions in a (J sheet form between polypeptide backbone atoms (see Figure 
3-9), a number of different abnormally folded proteins can produce this structure. (D) One of several 
possible models for the conversion of PrP to PrP*, showing the likely change of two a-helices into four 
p-strands. Although the structure of the normal protein has been determined accurately, the structure of the 
infectious form is not yet known with certainty because the aggregation has prevented the use of standard 
structural techniques. (C, courtesy of Louise Serpell. adapted from M. Sunde et al.J. Mo/. B/o/. 273:729-739, 
1 997; D, adapted from S.B. Prusiner, Trends Bfochem. So. 2 1 :482-487, 1 996.) 

animals and humans. It can be dangerous to eat the tissues of animals that con- 
tain PrP*, as witnessed most recently by the spread of BSE (commonly referred 
to as the "mad cow disease") from cattle to humans in Great Britain. 

Fortunately; in the absence of PrP*, PrP is extraordinarily difficult to convert 
to its abnormal form. Although very few proteins have the potential to misfold 
into an infectious conformation, a similar transformation has been discovered 
to be the cause of an otherwise mysterious "protein-only inheritance" observed 
in yeast cells. 

There Are Many Steps From DNA to Protein 

We have seen so far in this chapter that many different types of chemical reac- 
tions are required to produce a properly folded protein from the information 
contained in a gene (Figure 6-90). The final level of a properly folded protein in 
a cell therefore depends upon the efficiency with which each of the many steps 
is performed. 

We discuss in Chapter 7 that cells have the ability to change the levels of 
their proteins according to their needs. In principle, any or all of the steps in Fig- 
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Figure 6-90 The production of a 
protein by a eucaryotic ceil. The final 
level of each protein in a eucaryotic cell 
depends upon the efficiency of each step 
depicted. 



me 6-90) could be regulated by the cell for each individual protein. However, as 
we shall see in Chapter 7, the initiation of transcription is the most common 
point for a cell to regulate the expression of each of its genes. This makes sense, 
inasmuch as the most efficient way to keep a gene from being expressed is to 
block the very first step— the transcription of its DNA sequence into an RNA 
molecule. 



Summary 

The translation of the nucleotide sequence of an mRNA molecule into protein takes 
place in the cytoplasm on a large ribon ucleoprotein assembly called a ribosome. The 
amino acids used for protein synthesis are first attached to a family of tRNA 
molecules, each of which recognizes, by complementary base-pair interactions, par- 
ticular sets of three nucleotides in the mRNA (codons). The sequence of nucleotides in 
the mRNA is then read from one end to the other in sets of three according to the 
genetic code. 

To initiate translation, a small ribosomal subunit binds to the mRNA molecule 
at a start codon (AUG) that is recognized by a unique initiator tRNA molecule. A 
large ribosomal subunit binds to complete the ribosome and begin the elongation 
phase of protein synthesis. During this phase, aminoacyl tRNAs — each bearing a 
specific amino acid bind sequentially to the appropriate codon in mRNA by forming 
complementary base pairs with the tRNA anticodon. Each amino acid is added to the 
C-terminal end of the growing polypeptide by means of a cycle of three sequential 
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Figure 7-5 Six steps at which 
eucaryotic gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed in, this 
chapter. Step 6, the regulation of protein 
activity, indudes reversible activation or 
inactivation by protein phosphorylation 
(discussed in Chapter 3) as well as 
irreversible inactivation by proteolytic 
degradation (discussed in Chapter 6). 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences among the various cell types of an organism depend on the partic- 
ular genes that the cells express, at what level is the control of gene expression 
exercised? As we saw in the last chapter, there are many steps in the pathway 
leading from DNA to protein, and all of them can in principle be regulated. Thus 
a cell can control the proteins it makes by (1) controlling when and how often a 
given gene is transcribed (transcriptional control), (2) controlling how the RNA 
transcript is spliced or otherwise processed (RNA processing control}, (3) 
selecting which completed mRNAs in the cell nucleus are exported to the cytosol 
and determining where in the cytosol they are localized (RNA transport and 
localization control), (4) selecting which mRNAs in the cytoplasm are translated 
by ribosomes (translational control), (5) selectively destabilizing certain mRNA 
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti- 
vating, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been made (protein activity control) (Figure 7-5). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 7-5, only tran- 
scriptional control ensures that the cell will not synthesize superfluous interme- 
diates. In the following sections we discuss the DNA and protein components 
that perform this function by regulating the initiation of gene transcription. We 
shall return at the end of the chapter to the additional ways of regulating gene 
expression. 

Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
fraction of its genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals 
from other cells. Although all of the steps involved in expressing a gene can in prin- 
ciple be regulated, far most genes the initiation of RNA transcription is the most 
. important point of control 



DNA-BINDING MOTIFS IN GENE REGULATORY 
PROTEINS 

How does a cell determine which of its thousands of genes to transcribe? As 
mentioned briefly in Chapters 4 and 6, the transcription of each gene is con- 
v trolled by a regulatory region of DNA relatively near the site where transcription 
begins. Some regulatory regions are simple and act as switches that are thrown 
" by a single signal. Many others are complex and act as tiny microprocessors, 
•responding to a variety of signals that they interpret and integrate to switch the 
neighboring gene on or off. Whether complex or simple, these switching devices 
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occur in the germ line, the cell lineage that gives rise to sperm or eggs. Most of 
the DNA in vertebrate germ cells is inactive and highly methylated. Over long 
periods of evolutionary time, the methylated CG sequences in these inactive . 
regions have presumably been lost through spontaneous dearnination events 
that were not properly repaired However promoters of genes that remain active 
in the germ cell lineages (including most housekeeping genes) are kept 
unmethylated, and therefore spontaneous deaminations of Cs that occur with- 
in them can be accurately repaired. Such regions are preserved in modern day 
vertebrate cells as CG islands. In addition, any mutation of a CG sequence in the 
genome that destroyed the function or regulation of a gene in the adult would be 
selected against, and some CG islands are simply the result of a higher than nor- 
mal density of critical CG sequences. 

The mammalian genome contains an estimated 20,000 CG islands. Most of 
the islands mark the 5' ends of transcription units and thus, presumably, of 
genes. The presence of CG islands often provides a convenient way of identify- 
ing genes in the DNA sequences of vertebrate genomes. 

Summary 

The many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed in different cells. Since many 
specialized animal cells can maintain their unique character through many cell 
division cycles and even when grown in culture, the gene regulatory mechanisms 
involved in creating them must be stable once established and heritable when the 
cell divides. These features endow the cell with a memory of its developmental history. 
Bacteria and yeasts provide unusually accessible model systems in which to study 
gene regulatory mechanisms. One such mechanism involves a competitive interac- 
tion between two gene regulatory proteins, each of which inhibits the synthesis of the 
other, this can create a flip-flop switch that switches a cell between two alternative 
patterns of gene expression, Direct or indirect positive feedback loops, which enable 
gene regulatory proteins to perpetuate their own synthesis, provide a general mech- 
anism for cell memory. Negative feedback loops with programmed delays form the 
basis for cellular clocks. 

In eucaryotes the transcription of a gene is generally controlled by combinations 
of gene regulatory proteins. It is thought that each type of cell in a higher eucaryotic 
organism contains a specific combination of gene regulatory proteins that ensures 
the expression of only those genes appropriate to that type ofcelL A given gene regu- 
latory protein may be active in a variety of circumstances and typically is involved 
in the regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also used by eucaryotic cells to regulate gene expression. An espe- 
cially dramatic case is the inactivation of an entire X chromosome in female mam- 
mals. In vertebrates DNA methylation also Junctions in gene regulation, being used 
mainly as a device to reinforce decisions about gene expression that are made ini- 
tially by other mechanisms. DNA methylation also underlies the phenomenon of 
genomic imprinting in mammals, in which the expression of a gene depends on 
whether it was inherited from the mother or the father. 
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Figure 7-86 A mechanism to explain 
both the marked overall deficiency 
of CG sequences and their clustering 
into CG islands in vertebrate 
genomes. A block line marks the location 
of a CG dinucleotide in the DNA 
sequence, while a red "lollipop* indicates 
the presence of a methyl group on the 
CG dinucleotide. CG sequences that lie in 
regulatory sequences of genes that are 
transcribed in germ cells are unmethylated 
and therefore tend to be retained In 
evolution. Methylated CG sequences, on 
the other hand, tend to be lost through 
dearnination of 5-methyi C toT, unless the 
CG sequence is critical for survival. 



POSTTRANSCRIPTIONAL CONTROLS 

In principle, every step required for the process of gene expression could be 
controlled. Indeed, one can find examples of each type of regulation, although 
any one gene is likely to use only a few of them. Controls on the initiation of 
gene transcription are the predominant form of regulation for most genes. But 
other controls can act later in the pathway from DNA to protein to modulate 
the amount of gene product that is made. Although these pqsttranscriptional 
controls, which operate after RNA polymerase has bound to the gene's promoter 
and begun RNA synthesis, are less common than transcriptional control for 
many genes they are crucial. 
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ga^howevBf, the lame chromosomal areas involved often 

nology for detecting genomic gains andlW^fM^ 

teomk*) to determine the effect of gene WnunW ™ 
transcript and protein levels In pairs of n^asUaS £ 
vaslve human bladder TCCs, . 

EXPERIMENTAL PROCEDURES 
Material-Bladder tumor biopsies were ssmnied **** ■««. 

XJ^^f!^ ^J? ml ^ t>8C0 Py tumors 335 and S&wm 
staged by an experie nced paihologiat ae pTa (supenTc^ 

J£3rn^^^ fatty acwWZK 
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*"? * »wp«a»v6Jy. tumors 733 and 827 warn «te«*4 nn „™ 
«Waslv» (mo submucosal 733 was ^tfaa»d^^^l? pT1 
staged as papfflary.bottgm^,^ *» «>nd, and 827 was 

^^f^^^^^-Tl^o Wopslsa. obtained fmsh frxxn sur^ory. 
RfiAzol e nuTiZ.iZ, °^ RNA **** Isolated using the 

w^cnp® 07 vitro transcription ka (AmtAjn). Btodn-tebeted CTP and 
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Fta. 1— continued 



frfL^S 1 ' !IL D ? ta 00ltected ta «*» Owe Scan onwam for 

honSSSC^J^J!!^!^ "«« Pieces and 

SS.?^ * "J 20 0 unta The procedure for 2D gel 
e » c ^^^asbean described In detail elsewhere (16, 16). Gels 

^»ww9 UenHfled by a combination of procedtm that included 
"*"**^"9- mass spectronWy, two^nslonal Ml Western 
^obtottlna and comparison with the master twc^mensta^ 

OTM-HybiWfeatbnofoTfferen^ RE8ULT8 



25_U2£^\f? •J 1 *** I"** 0 ** A second IwbrtdtaaUon wna» 

^3~^dJ^ 

P«m«* atoo budded a nam** control hybrfdfeatlon usliw 
cekv and Texas RetMabeted normal OtvCa^Mmm^^^L 

1^^!™ c»«»nioson!e?^ U SS 
n^^aMon «» «he greemed fluorescence Menslty raflofortii 

parses fflatarS . 



■ f 

• • tv , ■ ♦ . 
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Correlation between 




bw Invasive tumors (stage pTI, TCCs 733 and 827), whereas 
wl^o non-Invasive papillomas {stage pTa, TCCs 335 and 
53jJ showed onfy 9p-, 9q22-q33-. and X-, and 7+ r 8q- 
^™T ; r J CB * fic& «»y' Both ta^tumaB showed change 

CU£2-24+, 2q14.1-qter- 3q12-q13.3-. 6q12-q22- 
9q34+. 11q12-q13+, 17+, and 20q11.2-q12+) that are typ^ 
km «r their disease stage, aa wafl eseddHkmal alterations, 
some ^of which are shown to Fig. i. Areas with gains and 
losses deviated from the normal copy number to some extent, 
andtbeaverage numerical deviation from normal was 0,4-fold 
In the case of TCC 733 and 0.3-fold for TCC 827. The lamest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 In TCC 733 ffTg. 1A) and 
20q12toTCC827(FIg.1B). 

"«NAJevets from the twO InvaarveJ^aomjTCCa 827 and 
jjjww* comparecf with the two imHrweaive cotmtarparte 
(TCCs 532 and 339). This was done In two separata experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1.800 genes that yielded a signal on the arrays 
ware searched In the Unlgene and Qenemap data bases for 
chromosomal location, and those with a known location 
11096) were plotted as bars covering their purported locus, in 
that way It was possible to construct a graphics presentation of 
DlMA copy number and relative mFSNA levels along the indi- 
vidual chJtjfm>3omes (Fig. 1). 

For each mRNA a ratio was calculated between the level In 
the invasive versus the non-Invasive coijnterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
assorting to the axpresskmrati^ 



than 2-fold were regarded as lr«tbnnative(Flg.1VThedeneily 
of genes along the chromosomes varied, and ereas cantata* 
tog only one gene were excluded from the catenations. Th* 
B^H9»<*the .mn*wl.||.wlWt.«l , |Sm. olil 
outlier data may be because of the fact that the boundaries of 
tliechrorhosomal abenatk^arernrtknc^athighreecAitov 
Two seta of cafcUatiana were made from tha data. For tha 
first set we used CQH alterations as the Independent variable 
and estimated the frequency of expression alterattons in these 
chromosomal areas, to general, areas with a strong gain of 
cbrornesomal material contained a duster of genes having 
increased mRNA expression. For example, both chrorno- 

wJont 1 ^? • aW teWtvegato of more 

than 100% In DNA copy number that was accompanied by 
«ncteased inlWe)qpres8ton levels to the two tumor paire d 
1). to most oases,chromosomai gains detected byCGHwem 
by an tocreased level ef trartfcrtpto fa both 
TCCs 733 (77%) and 827 (80%) (Table I, top). Cliromosoroat 
losses, on the other hand, were not accompanied by de- 
creased expression to several cases, and were often regis- 
tered as having unaltered RNA levels (Table I top). The habft* 
Ity to detect RNA expression changes to these cases was not 
because of fewer genes mapping to the lost regions (date not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-foW as the independent variable and es- 
timated the frequency of CQH alterations in these areas. As 
above, we found that Increased transcript expression corre- 
lated with gain of chromosomal malarial (TCC 733 69% anH 
TCC 827, 68%), whereas reduced expression was often de- 
tected In areas with unaltered CQH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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not detected 



Tumor 827 versus 532 * . 



««on In expression. No alteration was detected by OGH In 
t^lH^^f 0,30 6096 andTCO 827.81%; see 

*wsssed mRNA expression clustering to a certain chrome- 
soma* area cfearty reflected the extent of copy number 
«hanges*we plotted the maximum CGH abenatlons In the 
regions showing CGH changes against the ability to detect a 
change In ii^NA agression as monitored by the oUgonucleo- 
ti^anwe {Hg. 2f<fer both tumors TOC 739 to < 0.015} and 
2*827 £< 0.00009) a highly significant cbrrelatton was 

^^^^^^^^^^^^^ 
. me DNA copy number) and Alterations detected by the array 

™^? ¥ I£2 ,W ^ S * n0ar **» "** <*a1r>ed**r«n 
areas wm altered expression were used as trxlependentvart- 
awes. Tnese^areas correlated best with CGH when the CGH 

^X^J^ to ***** **** botto ^ ** mostly did 
not a^ tower CQH deviations. These data probably reflect that 

5^ ^ 11'° may ^ ^ t0 a w% reduction In expres- 
sion level, which Is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent.. 
MIcnsaMllto-based Detection of Minor Anas of Loss- 
733 ' several chronfiosomal areas exhibiting DNA 
ampWcatton were preceded or followed by areas with a nor- 
ma) CGH but reduced mRNA expression (see Fig. 1 , TCC 733 
«Jwnosorne 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material In these regions or 



because of other rwn-structural mechanisms regulating tran- 
sortption.v*exarrtr»db^ 

mosome tq26-32 and two aft chromosome 2p22. Loss or 
heterozygosity (LOH) was found at both 1q2S and at 2d22 

resoluttxt of CGH (Rg. 3). Additionally, chromosome 2p m 
TCC 733 showed a CGH pattern of gain/ho cfwnge/galn of 
DNA that correlated with transcript Iru^ease/decreasUv 
crease. Thus, for the areas showing increased expression 

X^^^^^ *™ "^decrease observed In 
jwimld^thachro^^ 

topWng ** one of me mechanism* for ntf^doam-reou- 

laHon may be restore that have undergone srnaBer tosses of 

^mosorrrfmalwiaLrtowew 

the resolution of the CGH method. 

In bom TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio In the CGH analysis: 
Jf*«^ust«s of five and three genes. respec*yer^ 
their expression. Two mtcrosateJIRes (01131760, 0113922) 
positioned close to MUC2, K3F2, and cathepsln D Indicated 
LOH as the most likely mechanism behind the toss of excres- 
slon (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
ohrorTK^mes 3q24, 11 P 11. I2p1i2. 12q21.1, and 16q24 
and to Tec 827 at chromosome Upi 5 .5, 12p11, i6qii2, 
and 18q12 was also examined for chromosomal losseTustoo 
microsatenttesposrtlcneoasctoseasposs^ 
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S^SlSXr^.^ heterazy^afly at chromosome 1cf25, detected 
by D18216 ctoee to Hu ctase I Nstoconvatfbllty anttomfoant 
number » A, ^ft M * D182^d2ete3h^gS 
"U^er41 h Bo. ft and W at chrcmoecrn* 2p23^^M 

^^^^"y 905 ^ * <=h«xi«^ 18q«S ™1118 
^^i^^EST^* 8how *• «****Phemgram obtained 

*^op^pgram from tumor DNA {7% in all cases one aSete Is 
perttafly tost In the tumor ampllcon. 

stowing reduced mRNA transcripts. Only the mlcrcsatelllte 

at , 1 ? q12 8howed LOH ^9-3)- suggesting that 
transcriptional, down-regulation of genes In the other regions 
may be controlled by other mechanisms. 

Relation between Changes ft? mRNA and Protein Levete- 
2D-PAGE analysis, in combination with Coomassle Brilliant 
Blue and/or silver staJhtng, was carried out on an four tumors 
using fresh biopsy material 40 well resolved abundant known 
proteins migrating In areas away from the edges of the pH 



PAGE and trarocrtpt ratio. For comparison proteh* ww» dlvld«rf a* 
pwwaf «d^. A, mRNAs mat wore scored a* 

eraJhga were used to exclude seeing as « cotftttider. TOCtlSr 

733 and 335 (#C| were seated without etppresstoai BoOi cmma! 
so*^Wghtyef^,p< W )0|S 

w^.t^fMS? 1 oytoJ^lTandcVt> 
^^!J^ te, *^? (t - b,n ^ Pmtetohomolcgue, 28*0. 

las* hnRNP Bt. 28-M)a heat shook pott*), 
pre-m^ fector; D, rmsotheUal teratin K7 (type lfc e /from 
tort,glutetHooe S^ransfarase-» and mesotheM teaXJfJS 
F(from top andtefl), adenyjyt cyclase-assoclated protein. E-catfwit 
keratin 19, calgtezartn. phosphoglycerate mutasa. annaxin IV cw 
^^M?^ At - mem^^o^caSe^ 
neat shock protein, heterogeneous nuclear ribonuctecoretabi aa 

Phstojtenydwgenaeek taratm 8, aldehyde nivetuZmSt*St. 
ATPwe p.1 subon* Q. (from top andJ^-SSTcdtoial£ 

^ta fwemSr *H(fromfc^, plasma osteon* auhMMkjan eal- 



dehydrogenase; / (from top), ptolyl 4^ W d ro xyte^«*S «J! 
keratln 20, cytotoatln 17, prohibition, and fruet£eie*i2«£ 
pnatasec J annexin It; K, annaxin IV; L (from top andfeflfc 9WdDah^ 
shock protein, prolyl 4-hydroxyiaae ^ubuna. «««2sTqrp 
cyctaphB^andcofiJn. urp 78. 

gradient, and having a known chromosomal location, were 
selected for analysis In the TCC pair 827/632. Proteins were 
Identified by a combination of methods (see "Experimental 
Procedures'). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Flo. 
4). Only ona gene showed disagreement between transcript 
alteration and protein alteration. Except for a gnx^(rfcyto- 
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^ * <*wm|Wiri»o* 

Wart the oOoonocteotkio array (r^ofTCC532.The/BdTOcfc*v 
Oto w theii^oarhigWght the aim that are oornpared below. 
Jdentteal area* of 2DgefcofTCC» 532 and 827 m shown below. 
Ctafccytok*^^ 

BZT fed anrwtaftvft. The tile on the array containing probea for 
cytotera^isisaniaf^ 

and l» cocppan&d wfttvTCO 827. Theupperrow of squads Jae^ tfte 
wresy^faperf^f^ 

ibWIn* Absence of al^ Is depicted as «^ to 

^^Jf^^TY^r^o * transcript level was 

detected &VTCC 632 (6161 units) whereas a much lower loyal was 
detected to TCC 827 {absence of signals), for cytokeratin 13, a high 
transcnptvievel waa also present* TOO 632 (15658 unto* and a 
much tower level was present In TCC 827 (628 units). The 2D geis at 
the bottom of the figure Qteft) enow levels of PA-FABP and acfipocyte* 
FWtnTT^335aixl733(iriV3S^ 
«"iwsg^^ 

toes far the PArFABP transcript A medhjro tmnscr^ hwel wqs <to- 
tectedto the case of TCO 335 (1 277 units) whereas vary tow levefe 
^<totectedtoTCX*7a3a<* ^ 



keratins encoded by genes on chromosome 17 (Rg. 5) 
analyzed proteins did not belong toapartlcular f^.asweO 
focused proteins whose genes had a know chromosomal 
location wem detected In TCCs 733 and 338, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fg* 4). For example, pa-FABP was highly ex- 
press ta the non^rv^ 

counterpart (FCC 733; see Fig. 6). The sm&Ber number of 
proteins detected to both733 and 335 *aa because of the 
smalter efce of the biopsies that wore available, 

Tf ^Sbsonur where CGH show^abetratt6r«> 
that corresponded to the changes In transcript levels also 
showed corresponding charges to me protefri level (Table ffi. 
Thes* regions totfudad denes that encode proteins that are 
found to be ftec|Mei% alte^ to bladder cancer, namely 
cytqkerattos 17 and 2* annextna II and IV, and the fatty 
sckHAidtog protdns P A-FABP and FBP1. Ftoor of these 
tetos were encoded by genes In chromosome 17% a fre- 
quently ampBfled chromosomal area to tovastve tS&fcier 



DISCUSSION 

Mc^ human cancers rem abnormal DNA contort; havtrn 
lost some chromosomal parte ami gained others, "The present 
study provides some evidence as te the effector these gains 
ami losses on d^ J&ng^grt to two gate of nofHny^ve 
and invasive TCCs using high tr*oughput expression arrays 
and proteomlcs. ih combination with CGH to genenrf, the 
resuHa showed that there be cie^lndMduaJ regulation or the 
mRNA expression of single genes, Which to some cases was 
superimposed by a DNA copy number effect In most oases, 
genes located to chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA express 
stoaTte latter might be because of the feet that losses most 
often are restricted to loss of one aflele, and the cut-off potot 
for detection of expression alterations was a 2-foM change, 
thus being at the border otdetec^ to cases* how* 



Proteins whose expression 



Table I 
tevafocwe^ 



Chromoson^tocaqon Tumor TCC CGH alteration Tianscrlpt aJteraflon" Proteto alteration 
AnnextoS . ~" — .... 

AnnextolV 
Cytokeratin 17 
Cytokeratin 20 
(PArJFABP 
FBPf 

Plasma gelsolto 
Heat shock protein 2$ 
Prohibffln 
IVo^M4iydroxyl 
hnRNPBI 

^ Aba, absent; Pros, present 
to cases where the corresponding aJteraltons ww found to both 



1q21 


733 


Qato 


2p1S 


733 


Qato 


17q12-q21 


627 


Qato . 


17q2M 


827 


Qato 


8q21,2 


827 


Loss 


8q22 


027 


Cain 


9qS1 


827 


Qato 


15q1*q13 


827 


Loss 


17q21 


827/733 


Qato 


17q25 


827/733 


Qato 


7p15 


827 


Loss 



AbstoPres* 


Increase 


3^R)Wup 


Increase 


3^FoW up 


Increase 
Increase 


6.8-Fotd up 


10-Folddown 


Decrease 


23-Fold up 


Increase 


Abe to Pros 


Increase 
Decrease 


2^Fdd up 


3JV2-&-FoWuf* 


Increase 


6.7V1.6-Foldup 


Increase 


2v5-FoW down 


Decrease 
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overman Increase or decrease in DNA copy number was 
associated with cte no vo occurrence or complete loss of tran- 



script, respectively. Some of these transcripts could not be 
detected in the noninvasive tumcMrtxA were preset at rela- 
tively hfgh levels In areas with DNA anr^l!ffca«ons in the Inva- 
sive tumors (a* InTCC 733 transcript from cellular llgand of 
armexh II gene (chromosome 1q21) from absent to 2670 
arbitrary onfts; In TCC 827 transcript from smafl proBne-rich 
protein 1 gene (chromosome 1q12-q21,1) from absent to 

11326 arbitrary imte), It may be anticipated from these data , mm IW51UUII ^ 

that significant clustering onjerey^wlnc ^ ^mt ^J i h i mamo^ materia to n otknownr 

filon tn a rarfatn r^mmno^moi av^ u*M~a^ M « n> u. ' «... i 



ami and that the use of cDNA mlcroarrays for analysis of DNA 
copy number changes wlfi reach a resolution that cari resolve 
these changes, as has recently proposed ®. The outHer 
data were not more frequent at the boundades of the CQH 
aberrations. At preseint we do not know the mechanism be- 
hind chromosomal aneuptoldy and cannot predict whether 
<*uonwsomalgair^ 

the two native andes. A mechanism as genetic ImpdnUr^ has 
an Impact on the expression level In normal cells and Is often 
reduced in tumors. However, the relation between Imprinting 



slon to a certain chromosomal area irMflcafes an hcreased 
Hkellhoodofs^ofchro^ 

Considering the many possible regiJatoTymedw^na^t- 
big at the level of transcription, ttseemsstriWngthat the gene 
dose effects were so dearly detectable In gained areas. One 
hypothetical explanation may Be in the loss of controlled 
methybacnAtuh^ 

th&t BTcNomosomes with N^ea^DHA copy nurr&re two 



We regard It as a. strength of this Investigate that we were 
able to compare Invasive tumors to benign tumora rather than 
torKWialurothe^ 

very dose and ppbaWy may represent successive steps In 
the progression of bladder cancw.bo^lte the IfrnRed amount 
of fresh tissue avaB^ 

state of the art methods. The obsei^ (?«T^a8on between 

™ " ■rrj wwir «w DNA copy number and mRNA expression [to rem***** when 

wrnor^^^ one considers that differ pieces erf the 

transcription lw^ used far the different sets of experiments. 1m ir«Jte^ that 

losses the rerrah*tg afiele could be partly metrr/lated, tur^ — -^^^ ^ 

pff the process (20i 21). A recent report has documented a 
ploktyTeguteflonofge^ 



the genes were present in the earr*ratlo^ a situation that to 
ifil ansbgoi© to Jhat rt.JHmju^T^stom marked 
chromoebmai abenafions^as welasgenedo^^fects.^ 

Several CGH studies of bladder caww have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these Include 9p- t &q-,1q+, Y- 
<£ Q, andJ*pT1 tumors, 2q-,11p- t 11q- t lq+, 5p+, Sq+, 
17q+, and 20q+ £-4, % H The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and respectively. Mke^^ the tw minimal Invasive 
pTI tumors showed aberrations that are commonly seen at 
that stage, arniTCC 827 had a rema^^ 
oommonly seen pattern crosses and gains, such as 1qg2s£4 

- ampBflcatlon (seen hi both tumors); tiqt4-q22 loss, the latter 
often Bilked to 17 q+ (both tumoral ami 1q+ and 9p-, often 
linked to 20q+ and 11 q13+ (both tumors) CjMfc These ob- 
servationa Indicate that the pairs of turrtom used tnttfe study- 
exhibit chromosomal changes observed In many tumors, and 
therefore the findings could be of general Importance for 
bladder cancer. 

Considering that the mapping resolution of CQH Is of about 
20 megabases It Is only possible to get a crude picture of 
chromosomal Instability using this technique. Occasionally, 
we observed reduced transcript levete close to or inside re- 
glons with Increased copy numbers. Analysis of these regions 
by positioning heterozygous mlcrosatefttes as dose as pos- 
sible to the locus showing reduced gene expression revealed 

' toss of heterozygosity In several cases. It seems likely that 
multiple and different events occur along each chromosomal 



bladder tumors are relatively homogenous, a notion recently 
supported by CGH and UOH data pat showed a remarkable 
similarity even between tumors ^<Mart metastasis (10, 23^ 
In the few cases analyzed, mRNA. and protein levels 
showed ajrtrjttig ^correse<mder«e although In some oases 



regulation, poetrtran^atiorml processing, protein 
ti^cracorrWhalk^ 

undertranslated mRNA pools, which as associated with taw 
translationaHy inactive ribosomes; these pools, however, 
seem to be rare £4). Protein degradation, for example, may 
be very Important In the case of polypeptides with a short 
half-life (*g. signaling proteins}, A poor correlation between 
mRNA and protein levels was fourth in Over cells as deter* 
mined by arrays and 20-PAGE (25), and a moderate correte- 
«o*waa recertify reported by Meker ef<* (26) tn yeast 
. interestingly* our study revealed s much belter correlation 
between gained chromosomal areas and Increased mRMA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In genera), the level of CGH change determined 
the ability to detect a change In transcript One possible 
explanation could be that by losing one allele the change In 
mRNA level is not so dramatic as compared with gain of 
material, which can be rafter unlimited and may lead to a 
severalfold Increase in. gene copy number resulting In a much 
higher Impact on transcript level the latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-**! level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may In the future allow detection of lesser than 2-fold 
alterations In transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areae on tran- 
script levels. 
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• In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression; and protein leveL Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area In chromosome 17q. Whether DNA 
copy number Is one of the mechanisms behind alteration of 
these eleven proteins Is at present unknown and wfll have to 
be proved by other methods using a larger number of sarn- 
ptea One factor making such skKfles compflcatod Is the large •' 
extort of protein modification that occurs after translator 
requiring Imrmmoiden^^ spectrometry to 

corr e c tly Kfe u U f y thrprotrtrisifHte gefer - - — -~ 

in condusiofv the resutts preserrted In mis study 
the laigebqdy of knowledge that maybe possible to gather In 
the future by combining dtataofthearttec^t^eethatfdlow 
the pathway from DNA to protein Here* we used a tra* 
ttoial'chrwnosoi^ 

kjtfgn CGH ba^ed on mtaroarraya with many thousand reflation 
hybrtdHiiappe^ increase the resolution and Wbm»> 

expression arrays ora!^ 

known location^ and 20 gel analyse to obtain Wwmatton at 
the post-tansiatJonal level, a dearer and' more developed 
deretancflng of the tumor genome w« be forthron^ 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes* Over 11 W publications have de-. 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, bat very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cBNA microarrays In breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to qnantitate the impact of 
genomic changes on gene expression. We Identified and mapped the 
boundaries of 24 independent ampttcom, ranging in size from <U to 12 
Mb, Throughout the genome, both high- and low-level copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexpresston and i©.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene, amplification. T&ese 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the BOXB7 gene, 
the presence of which In a novel ampMcon at 17a2l3 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene egression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries some of which may explain the clinical behavior of the tumors 
(1-6). Despite mis progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
niaine^ehisive, and the utility of gene expression profiling in die 
iteitific^tion of sr^ 

Accumulation of genetic defects is thought to underlie me clonal 
evolution of cancer. Identification of the genes that mediate (he effects 
of genetic changes may be. important by highlighting transcripts that 
are actively involved in tumor progression. Such traiiscripts and their 
encoded proteins would be ideal targets , for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, snchasERBB2 mdEGFRtf, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, oyer 




Fig. 1. Impact of gene copy number on global geac omrcssion levels. A. n»w«*a»* «#• 



Received 5/29/02; accepted 8/28/02. 

""^I-^IT 1 ^ T"" dcftayed to part by the payment of page " • "jf"— mai gcuome-wiae laenuticattoii of those eene 
ir&'KirK^^ changes, that are attributable to anderiyiag gene 



18 U.S.C Section 1734 solely to indicate this feet. 

r^SS^J^I Ac ^ cm y of Fiiil^ EnulAaltonep Foundation, the Finnish 

T^?S?r C fS* r Qr ^t * c Foundation for die Development of Laboratory Me* 

^^^^^IT^ 01 ^ 1 ^ ******* »<«PiH ** Foundation for 
Commercial and Technical Sciences, and the Swedish Research Council 

^J^^T^^ m **** «* av aflaWe at Cancer Research bnline (http:// 
cancenesjiacrjournals^rg). ^ 

3 Omrrfbuted equally to mis work. 

iJh^^t^^l^ toMUtdttmtd, at Laboratory of Cancer Genet, 
i£ tastitott i©f Medical Technology, Unkkeflijankatu 6, FlN-33520 Tampere, Finland 
Phone. 35S-3247-4125; Fax: 358^247^1 68; E-mail; anneJo4lHoniemi(^r 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown, 

We hypothesized that genom^wide identification of those gene 



number alterations would highlight transcripts that are. actively in- 
volved in the causation or maintenance of the malignant phenotype 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



6240 



3 The abbreviations used are: CGH, companttive genomic hybridization: HSH. flmv. 
rescence in sifu hybridization; RT-PCR, reverse tianSJ^^ " * 



OBNB EXPRESSION PATTERNS IN BREAST CANCER 



a 

M 





.XfZZStSZ ^^^^V^^^tSf ^iiSW'" 0 " T* cop, number „aio p*^ (iAaj 
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sibn is most sigtuTBcairtly associated with amplification of the cone- 



MATERIALS AND METHODS 



were excluded from die analysis and were treated as missing Values. The 
distributions of fluorescence ratios were used to define outpoints for increased/ 
£f e ^^S n "? lb? * with CGH ratio >1.43 (representing the upper 
5% of the COH ratios across all experiments) were considered to be atapfrfied. 

defeST* <?:7? (ltpreSen ^ 8 *• «*) w» considered tobe 

Stadsflcal Analysis of CGH and cDNA Mleroarray Data. To evaluate 
toe influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-teansformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, me CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >1.43) and 0 foe no amplification. 
A^hficaton waa correlated with gene expression using the signal-to-noise 



.,. Bi ^ C,mCer Gffl L4ne *- Fourteen breast cancer cell lines (BT-20, BT- 
474^HCC1428, HsSWt, MCF7. MDA-361, MDA.436, MDA-453, MDAdtfS, 
SKBR-3, T-47D, UACC812, ZR-75-1, and ZR-75-30) were obtained from me 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mKNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Mlcroarrays. The 
pr^on and printing of me 13,824 cDNA clones on glass slides were 

performed as described (1 1-13). Of these clones, 244 represented uncharac- "inpnncanon was correlated with gene expression using the sim . 

tonzed massed sequence tags, and the remainder corresponded to known^??" 0> We calculated a weight, w„ for each gene aaJbllZu 

E?^ -2? ^ PWmi f 1 00 * DNA "^^^y* were done as described (14, ^* . 

!Z1 ° w of 8«otaic DNA from breast cancer cefl lines and normal 

human WBCs were digested for 14-18 h with AM and teal (Lift Technol- 

ogies, be, Rockville, MD)andpnrinedbyphenol/cnlorofom«rtraction Six 

Mg of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 

ftannaaa) and normal DNA with CyS-dUTP (Amersham Pharmacia) using 

^loprmie Labeling kit (Life Technologies, inc.). Hybridization (14, 15) and 

posdiybndizanon washes (13) were done as. described. For the expression 

anafyses, a standard reference (Universal Human Reference RNA; Stratagene, 

Z^Ir ^^JE^ tf experiment8 ' Fort y "*of reference RNA were 

JtSJ wi 1 Cy3 " <,UTP ™ d ™ W of test mRNA with CyS-dUTP, and the 

labeled cDNAs were hybridized, on microanays as described (1 3, 15). For both 
mfcroamy analyses, a laser confocal scanner (Agilent Technologies, >alo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the BBARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
avenge intensity of me correspowiing clone in the control hybridization. For 
the copy number analysis, the ratios were normalized oq the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the bams of 88 housekeeping genes, which were spotted four times onto the 
f^rH 0 ^ it ^ meaSUrementS (, e - «W number data with mean reference 
totennly <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 
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where m t i, (r tl and <r^ denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random penriu- 
tations of the label vector. The probability that a gene had a larger orwpa! 
weight by random permutation than the original weight was denoted by* A 
low a (<0.05) indicates a strong association between gene expression and 
• amplification. 

Genomic Localization, of cDNA Clones and AmpHcon Mapping, Each 
cDNA clone on tiie microarray was assigned to a Unlgene cluster using the 
Unlgene Bufld 14J « .A database of genomic sequence alignment mformation 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA dene were then retrieved by relating these data 
sets, Amplicons were defined as a CGH copy number ratio >2\0 in at least two 
adjacent clones m two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The ampUccn start and end positions were 
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Table! Summary of independent ampUcons in J 4 breast cancer cell lines by 
[ CGHmkroarray 



Location 



Start (Mb) 



H>!3 
!q21 
lq22 
3pJ4 

7q3i 
7q32 

8q21.1J-8q21.l3 
8q213 

8q23.3-8o>U4 

8q24.22 

9pl3 

ITql 1 

17a2U2-q2l.33 

]7q22-q23.3 

17q233-424J 

19qU 

20qll.22 

2Gql3.12 • 

200,13.12-^1x13 

20qU^ql332 



End (Mb) 



I3Z79 
17352 
179.28 

55.62 
125.73 
140.01 
86.45 - 
98.45 
129.88 
14121 
38.65 
77.15 
86.70 
29.50 
39.79 
52.47 
63.81 
69.93 
40.63 
.34.59 
44.00 
46.45 
5U2 



Size (Mb) 



13254 
177,25 
17957 
74.66. 
6055 
130.96 
140.68 
92.46 
103.05 
14115 
15Z16 
3905 
8138 
87.62 
30.85 
4230 
$5.80 
69.70 
7459 
41.40 
35.85 
45.62 
49.43 
59J2 



.0.2 
33 
03 
2.7 
53 
5.2 
0.7 
6.0 
4.6 
123 
1.0 
0.6 
42 
05 
1.6 
3.0 
33 
55 
5.1 
0.8 
13 
1.6 
3.0 
7.8 



extended to include neighboring nonamplified clones (ratio, <IS). The am- 
■ bacon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer ceti lines Was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOtange (Vysia, tkwners Grove, H,), and Spectrum- 
Oran^labeled probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
,(18). The use of these specimens was approved by the Ethics Committee of the 
Umversity of Basel and by me NIH. Specimens containing a 2-fbld or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere, signals, in at least 10% of the tumor cells were considered to be 
amplified.. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test 

KT-PCR. Tne HOXB7 expression level was oWmined relative to 
GAPDH. Reverse transcription and PGR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, WI) with 10 ng of mRNA 
as a template. HOXB7 primers were 5'-GAGCAGAGGGACTCGGACTT-3' 
and 5 f -GCGTCA6GTAGCGATTGTAO-3'. 

H - 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were appUed for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5> were overexpressed (*>., belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
geties with normal copy number levels (Fig. 1A), Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed, increased copy number (Fig. IB). Low-level ctipy number 
increases and decreases were also associated, with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer AmpUcons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This bigjh-resdiution mapping identified 24 independent 
breast cancer amplicons, spanning from 02 to- 12 Mb of DNA (Table 
I). Several amplification sites detected previously by chromosomal 



CGH were validated, with lq{21, 17ql2~n^l^ 17<£2-q23r, 20cil3 1 
and 20ql3.2 regions being most commonly amplified Furthermore! 
the boundaries of these amplicons were precisely delineated. In/a* 
dition, novel amplicons were identified at 9pl3 (38.65-39 25 \*u\ 
and 17q2U (52.47-55,80 Mb). . 

Direct Identification of Putative Amplification target Genes 
The cDNA/CGH microarray technique enable^ the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23; and 20ql3 were hinjfly overex- 
pressed. A view of phromosome 7 in the MDA-468 cell line 
itfpli^^^ anipHrted 
gene at 7pll-f>12 (Fig. 3,4). In BT-474, the two known amplicons 
at .17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 320. In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent anipiicon.at.l7q2i3. HOXB7 
was systematical^ aanpiified (aa validated by FISH, Fig. 3B toefl 
as weH as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this iovel 
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Pig. 1 Annotation of gene expression data on CGH microarray profilei.* genes in the 

^^OTRonoogene. aevail genes in the 17ql2,17«2U, and 17q23 an4coni in the 
BT^74hrea5t cancer cell line are highly overtxptssed (red) and Inch* tiSflSw 
gene. The data labels and color coding are as indicated tor Fig. 2C ^dhm 
chromosomal COH profiles for the corresponding cfarornosomes and vaUda^oftfae 
Increased copy number by Interphase PISH using EGFR {red, and chrome? 
centromere » probe (green) to MDA-k* and N0XB7«fxcifte probe M«d^ 
raosome 17 centromere (green) to BT-474 cells (Jf), ' 
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amplification was validated to be present in 10.2% of 363 primary 
breast caacers by FISH to a tissue mlcroanay and waa associated 
with poor prognosis of the patients {P - oiOOl) 
Pr„!S!^ WCtt f Catt ° n " Bd c «^«terto«o« of 170 Highly 
'JtaKSST ^"f * Sfati3 «^ comparison of ^ 
270 J* 86neS M a A""* 00 °f ^amplification Identified 

270 genes whose expression was significantly influenced by copy 
mnnber across all 14 cell lines (Fig. 4, Supplemental Fig. B). LSI 

, 8ene ° nt0,08y ^ 91 of * e 270 represent*} 
»VPoAetical proteins or genes with no fimctiohai annotation, whereas 

rW "fT* 1 ^'onaf information available. Of these, 151 
tiollTJZSf 1 in W Si8 ' °° U P**** signal ttansduc- 
? P ? 0n ' V * ereaS 28 < I6% > *»* ^^onal annotations 
that could not be directly linked with cancer. 



* Interna wkrew.- htvyAvww.geneomotogy^. 



DISCUSSION 

Hie importance of recurrent gene and chromosome copy number 
changes hi the development and progression of solid tumors has been 
characterized in >1<K» publications applying CGH» (9, 101 as well 
as in a arge number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic- 
changes on gene expression levels nave remained largely unknown. • 
although a few studies have explored gene expression changes occur, 

mdt cDNA m,cro«rays to Identify transcripts whose expression 
changes were attribwable to underlying gene copy number alteration, 
in breast cancer. 

^rT^Jr* ^T*" 1 »"* expression patterns was 
substantial with the most dramatic effects seen in the case of high- 
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level <jopy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, die impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more in^prtant than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent die most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH Tnicroarray Bnalysis identified 24 "Mdqmfett breast 
cancer ainplicons. We defined the precise boundaries for, many aro- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of nieir small size (only 1-2 Mb) or close 
proximity to other larger atnpHcons. One of these novd amplicons 
involved the homeobox gene region at 17q213 and led to the over- 
expression of the HOXBl m HOXB2 genes. The hcmeodoniain 
transcription factors known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
session in cancer <?7, 28). HOXB7 trarisfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tomorigenicity and oncogenesis in breast cancer (29-32), The pre^ 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and Confers an aggressive 
disease phenotype in breast cancer. This view i* supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association** amplification With poor prognosis 
of the patients. . r . 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes pn the array), including not only 
previously described amplified genes, such as HER-2, MYC 9 
EGFR> ribosomal protein s6 kinase, and AIB3, but also numerous 
novel genes such as NRAS-related gene (lpl3), syndecan-2 (8q22), 
and bone morphogeny protein (20ql3.1) t whose activation by 
ampUficatwin may similarly promote breast cancer progression. 
Most of the 270. gend have not been hnpRcated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involyed, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we. demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels-of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 261 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map/of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the ovefexpression of which was statistically attributable to 
gene amplification Characterization of a novel amplicon at 
17q21J .implicated amplification, and oyerexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall 
our results illustrate how the .identification of genes activated b^ 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development 
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identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 

1£2£*/, m agaih8t ? e , WGoiden genome assembly 
(http://geiiome,ucscxdu/; Oct 7, 2000 Freeze). For UniGene 
dusters represented by muj^an^ elements, mean fluo- 
rescence ratios (for all eTemcntercprScntmg the same UniGene 
ctasrer) are reported. For mRNA measurements, fluorescence 
ratio* are a mean-centere<r (Le„ reported relative to the mean 
ratio across the 44 tumor samples). Hie data set described here 
can be accessed in its entirety in the supporting information* 



>to performed CGH on 44 predominantly locally advanced. 
PfJJ^y breas t tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the Im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path (http://genome.ucscedu/) genome assembly of the draft 
human i genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.t, 
candidate oncogenes within amplicons), but also provide precise 
.genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
omerent numbers of X ciirpmosomes (Fig. lb), as we did before 
(7). demonstrated the sensitivity of our method to detect sinide- 
copy loss (45, XO), and 13. <47,XXX), 7r (48*XXxTor 
X5*ld (49PCXX3Q0 gains (also see Fig, 5, whichk^hed 
assupporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer ceil lines and primary tumors 
(Fig. la), detected m the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally tower in the tumor samples, DNA ropy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within lq, 8q, l?q, and 20q were 
?^ r T?l m a Mi proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/tt*, and 90%/44%, respective- 
ry), as were losses within lp, 3p, 8p, and \3q (80%/24% 

with published cytogenetic studies (refc. 2-4; a complete listing 



as supporting information on the PNAS web site). The total 



8ptef 



1*" f* I 52^ 



* «o tag w m> OB 

8qter 



of X thromojomes, for breast oncer ccn lines, and for breast tumor* Breast cancer cell One* and tumors are separately ordered by hiei^taJdXri^Ti « 
W^reo^ent copy number ( *ar*«Llt,e 241 present on the mkroarray, and mappinfl to dJSSJSm >S»^^t^S^ 
t^^^^T^r^^^^ ™ ****** 8 !»«»**«*» wla (Indicated). Selected senes are Indicated wtth cok^cc^ te^Cred! 
cT^S^^^L~ ^l 9 ^' r^T" t T ,flett «*P«««"»V altered mMMRrv* (observed In ft. m*^t£^ 

ofuupples displaylno ^ JWW«py non^er change The map positions for stones of Interest that *re not represented on the mkroarrej are Indtarted ta^e 
^M^JX2^^^^- W ^ Ca ' ob ^!!i NA «W "umber profile for breast cancer «a Bn^SS RuoSc. reto 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P » 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P m 004), and harboring TP53 mutations (P » 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity or amplicbn 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 26). For each of these regions we can define the 

fetor* etrt 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each ease* known or plausible candidate oncogenes 
can be identified (a description of these regions, as weD aTthe 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs, <► and 7, which are published as supporting 
information on the PNAS web rite). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6^095), oiRNA 
levels were quantitatively measured in parallel by using cDNA 
mteroarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DMA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 
* A strong influence of DNA copy number on gene expression 
is evident m an examination of the pseudocolor representations 
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of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression fixe quite concordant; a significant 
fractidh of highly amplified genes^pparfcto be^rrespondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
arc found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations In mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For botji the 

12966 I wvw4Wd$^rg/cgl/doi/iai073/pf»$,l624719$9 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant j&shion (/> values for pair-wbe Student's 
rtestseomparhigaalacent classes: c>Hlines,4x 1Q^,1 xiO* 4 * * 
5 X 1 X 10~* tumors, 1 X i(T»,?x 5 X 
1 X 10~4). A linear regression of the average log(DNA copy 
number), for each class, against average Iog(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1,4- and Infold change in mRNA . 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,093 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b) 
The distribution of correlations forms a normal-shaped curve 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 4b) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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«g.4. Genome^tde Influence of DMA copy number alterations on mRNA levek. (a) For breast cancer cell lines (gray) and tumor samples (black), both 
meatveentered mRNA fluorescence ratio (tag* scale) quartSes (box plots indicate 25th, 50th, and 75th percentile) and average* (diamonds; V-value error bars 
indicate jtanc^errors of the mean) are plotted for each of five dasses of genes, representing ONA deletion <tumor/normat ratio <0l8), no change (0.B-1.2), 
S^f 4ne<fiunv ^ high-level <>4) amplification. Rvalues for pair-wise Student's t tests, comparing averages between adjacent dasses (movinq 
^rlgrrt),are4x10-« t 1 x 10-* 5X10-» 1 x 10->(ceh fines), and 1 X 10-«,1 x W*» 5X 10-«1 x 10^ {tumor* <b)D*trlt>^^ 
una copy number and mRNA levels, for $,095 different human genes across 37 breasttumor samples, (c) Plot of observed versus expected correlation coefficients. 

S ^Tt vsrtong tumors) directly explained by variation In gene copy number. Percent variance explained (black line) and fraction of data retained 
Cgreyl toe) are plotted for different fluorescence mtensfty/background (a rough surrogate for signal/noise) cutoff values, fraction of data retained is relative 
to the t * mtemHy/background cutoff. Details of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
undenylng DMA copy number alteration can be found In the supporting Information (see Estimating the Faction of Variation In Gene Expression Attributable 
to Underlying DNA Copy Number Alteration). 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mf$NA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. 4d). We can reduce the effects of experimental 
measurement error on this estimate byjustefesaly (hat fraction 
of the data most refiabfy measured (fluorescence intensity/ 
background >3); using that data, our estimate of die potent 
variation in mRNA revels directly attributed to variation in gene 
copy number increases to 12% (Fig. 4^). This stffl undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples* 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates die 
usefulness of defining amphcon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amphcon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell fines and tumors. Although the DNA microarrays used In our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number cjiangcs to altered gene 
cxpressionTWe believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
thfe set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosomevwide gene expression biases (13), Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et oL (14) have shown that 
with the acquisition of tumorigeaicity in an immortalized pros- 
tate epithelial cell tine, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et oL (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
norma] colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least Mold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al (15) may have 
systematically under-measured gene expression changes. In this 
regard it Is remarkable that only 14 transcripts of marry thousand 
raiding within unampHfietf chromosomal regions were found to 
exhibit at least Wold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity ampKcons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a iai^ pervasive and diact effect oivglor^-gene-expressUm 
patterns in breast cancer has several Important implications* 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject tp specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of Wg^resolutioifnSpping of ampfl^ 
con boundaries and shape {to identify the "driving* geoe(s) 
within amplicons (16)], on a large number of samples/in addition 

tO functional StiiriiM pTHtrth *h5* -tinAl**,* DtiAfM^. +i — * t 
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the genomic distribution <rf expressed genes, even within existing 
aticroarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions sec Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' rumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, tins finding supports 
a possible role for widespread DNA copy number alteration in 
uimorigene$is.(17, 18), beyond the amplification of specific 
oncogenes, arid deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene exTa-essuM^ might disrupt critical 
stochioraetric relationships in cell metabolism and physiology 
(e*g.> prpteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression* Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Abstract 

Translation initiation Is regulated in response to 
nutrient availability and mttogenfc stimulation and is 
coupled with ceD cycle progression and cell growth. 
Several alterations In translations! control occur in 
cancer. Variant mRNA sequences can alter the 
translations! efficiency of individual mRNA molecules, 
which in turn play a role In cancer biology. Changes In 
the expression or availability of components of the 
transnational machinery and in the activation of 
translation through signal transduction pathways can 
lead to more global changes, such as an increase in 
the overall rate of protein synthesis and translation^ 
activation of the mRNA molecules Involved In cell 
growth and proliferation. We review the basic 
principles of translations! control, the alterations 
encountered In cancer, and selected therapies 
targeting translation Initiation to help elucidate new 
therapeutic avenues. 

Introduction 

The fundamental principle of molecular therapeutics In can- 
cer is to exploit the differences in gene expression between 
cancer cells and normal cells. With the advent of cDNA array 
technology, most efforts have concentrated on identifying 
differences In gene expression at the level of mRNA, which 
can be attributable either to DNA amplification or to differ- 
ences In transcription. Gene expression is quite complicated, 
however, and is also regulated at the level of mRNA stability, 
mRNA translation, and protein stability. 

The power of translationaJ regulation has been best recog- 
nized among developmental biologists, because transcription 
does not occur in early embryogenesis in eukaryotes. For ex- 
ample, in Xenopus, the period of transcriptional quiescence 
continues until the embryo reaches mldblastula transition, the 
4000-ceil stage. Therefore, all necessary mRNA molecules are 
transcribed during oogenesis and stockpiled in a translationally 
Inactive, masked form. The mRNA are translationally activated 
at appropriate times during oocyte maturation, fertilization, and 



early embryogenesis and thus, are under strict translational 
control. 

Translation has an established role in cell growth. Basi- 
cally, an Increase In protein synthesis occurs as a conse- 
quence of mftogenesis. Until recently, however, little was 
known about the alterations in mRNA translation in cancer, 
and much is yet to be discovered about their role in the 
development and progression of cancer. Here we review the 
basic principles of translational control, the alterations en- 
countered in cancer, and selected therapies targeting transla- 
tion initiation to elucidate potential new therapeutic avenues. 

Basic Principles of Translational Control 
Mechanism of Translation Initiation 
Translation Initiation is the main step In translational regulation. 
Translation initiation is a complex process in which the Initiator 
tRNA and the 40$ and 60S ribosomal subunits are recruited to 
the 5' end of a mRNA molecule and assembled by eukaryotic 
translation Initiation factors into an 80S ribosome at the start 
codon of the mRNA (Fig. 1). The 5' end of eukaryotic mRNA is 
capped, /.a, contains the cap structure m 7 GpppN (7-methyl- 
guanostae-triphosph^^ Most translation in 

eukaryotes occurs In a cap-dependent fashion, /.a, the cap is 
srjecifteallyrecop^^ which bincte the 5 r cap. 

The elF4F translation Initiation complex is then formed by the 
assembly of elF4E, the RNA helicase elF4A, and elF4G, a 
scaffolding protein that mediates the binding of the 40S ribo- 
somal subunft to the mRNA molecule through interaction with 
the elF3 protein present on the 40S ribosoma elF4A and elF4B 
participate in melting the secondary structure of the 5' UTR of 
the mRNA. The 43S Initiation complex (40S/e!F2/Met-tRNA/ 
GTP complex) scans the mRNA in a 5'-»3' direction until it 
enoounters an AUG start codon. This start codon is then base- 
paired to the anticodon of Initiator tRNA, forming the 48$ initi- 
ation complex. The Initiation factors are then displaced from the 
48S complex, and the 60S ribosome joins to form the 80S 
ribosome. 

Unlike most eukaryotic translation, translation initiation of 
certain mRNAs, such as the picomavirus RNA, is cap Inde- 
pendent and occurs by internal ribosome entry. This mecha- 
nism does not require elF4E Either the 43S complex can bind 
the Initiation codon directly through Interaction with the IRES in 
the 5' UTR such as in the encephalomyocarditis virus, or it can 
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Fig. f . Translation initiation In eukaryotes. The 4E-BPs are hyperphos- 
phorylated to release elF4E so that it can Interact with the 5' cap, and the 
elF4F initiation complex is assembled. The Interaction of poly (A) binding 
protein with the initiation complex and circularization of the mRNA is not 
depicted in the diagram. The secondary structure of the 5' UTR is melted, 
the 40S ribosomal subunit is bound td e!F3, and the ternary complex 
consisting of elF2, OTP, and the Met-tRNA are recruited to the mRNA The 
ribosome scans the mRNA in a 5'-*3' direction until an AUG start codon 
is found in the appropriate sequence context The initiation factors are 
released, and the large ribosomal subunit is recruited. 



Initially attach to the IRES and then reach the initiation codon by 
scanning or transfer, as is the case with the poiiovirus (1). 

Regulation of Translation Initiation 
Translation Initiation can be regulated by alterations in the 
expression or phosphorylation status of the various factors 
Involved. Key components In translationai regulation that 
may provide potential therapeutic targets follow. 

elF4E. elF4E plays a central role In translation regulation. 
It Is the least abundant of the initiation factors and is con- 
sidered the rate-limiting component for initiation of cap- 
dependent translation. elF4E may also be Involved in mRNA 
splicing, mRNA 3' processing, and mRNA nudeocytoplas- 
mlc transport (2). elF4E expression can be Increased at the 
transcriptional level In response to serum or growth factors 
(3). elF4E overexpression may cause preferential translation 
of mRNAs containing excessive secondary structure In their 
5' UTR that are normally discriminated against by the trans- 



lationai machinery and thus are Inefficiently translated (4-7). 
As examples of this, overexpression of elF4E promotes in- 
creased translation of vascular endothelial growth factor, 
fibroblast growth factor-2, and cyclln D1 (2 t 8, 9). 

Another mechanism of control is the regulation of elF4E 
phosphorylation. elF4E phosphorylation Is mediated by the 
mttogen-activated protein Wnase-interactlng kinase 1 , which 
Is activated by the mttogen-activated pathway activating 
extracellular signal-related kinases and the stress-activated 
pathway acting through p38 mttogen-activated protein ki- 
nase (10-13). Several mitogens, such as serum, platelet- 
derived growth factor, epidermal growth factor, Insulin, 
angiotensin II, src kinase overexpression, and ras over- 
expression, lead to elF4E phosphorylation (14). The phos- 
phorylation status of elF4E Is usually correlated with the 
translationai rate and growth status of the cell; however; 
elF4E phosphorylation has also been observed In response 
to some cellular stresses when translationai rates actually 
decrease (16). Thus, further study is needed to understand 
the effects of elF4E phosphorylation on elF4E activity. 

Another mechanism of regulation is the alteration of elF4E 
availability by the binding of eIF4E to the elF4E-binding pro- 
teins (4E-BP, also known as PHAS-l). 4E-BPs compete with 
elF4G for a binding site In elF4E. The binding of elF4E to the 
best characterized elF4E-blndlng protein, 4E-BP1, is regu- 
lated by 4E-BP1 phosphorylation. Hypophosphorylated 4E- 
BP1 binds to elF4E, whereas 4E-BP1 hyperphosphorylatlon 
decreases this binding. Insulin, angiotensin, epidermal 
growth factor, platelet-derived growth factor, hepatocyte 
growth factor, nerve growth factor, insulin-like growth factors 
I and II, InterieuWn 3, granulocyte-macrophage colony-stim- 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to Induce phosphorylation of 4E-BP1 and 
to decrease the ability of 4E-BP1 to bind elF4E (15, 16). 
Conversely, deprivation of nutrients or growth factors results 
in 4E-BP1 dephosphorylation, an increase in elF4E binding, 
and a decrease In cap-dependent translation. 

p70 86 Kinase. Phosphorylation of ribosomal 40S protein 
S6 by S6K is thought to play an important role In translationai 
regulation. S6K -/- mouse embryonic cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive influence on cell proliferation (1 7). S6K regulates the 
translation of a group of mRNAs possessing a 5' terminal 
oligopyrimidine tract (5' TOP) found at the 5' UTR of ribosomal 
protein mRNAs and other mRNAs coding for components of 
the translationai machinery. Phosphorylation of S6K is regu- 
lated in part based on the availability of nutrients (18, 19) and Is 
stimulated by several growth factors, such as platelet-derived 
growth factor and insulin-like growth factor I (20). 

elF2a Phosphorylation. The binding of the Initiator tRNA 
to the small ribosomal unit is mediated by translation Initia- 
tion factor elF2. Phosphorylation of the a-subunlt of elF2 
prevents formation of the elF2/GTP/Met-tRNA complex and 
inhibits global protein synthesis (21, 22). eiF2a Is phospho- 
rylated under a variety of conditions, such as viral Infection, 
nutrient deprivation, heme deprivation, and apoptosls (22). 
elF2a Is phosphoryfated by heme-regulated Inhibitor, nutrient- 
regulated protein kinase, and the IFN-induced, double- 
stranded RNA-activated protein kinase (PKR; Ref. 23). 
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The mTOR Signaling Pathway. The macroilde antibiotic 
mpamycin (Siralimus; Wyeth-Ayerst Research, Coiiegeville, 
PA) has been the subject of intensive study because it in- 
hibits signal transduction pathways involved in T-cell activa- 
tion. The rapamycin-sensitive component of these pathways 
is mTOR (also called FRAP or RAFT1). mTOR is the mam- 
malian homoiogue of the yeast TOR proteins that regulate Q 1 
progression and translation in response to nutrient availabil- 
ity (24). mTOR is a serine-threonine kinase that modulates 
translation Initiation by altering the phosphorylation status of 
4E-BP1 and S6K (Fig. 2; Ref. 25). 

4E-BP1 is phosphorylated on multiple residues. mTOR phos- 
phoryiates the Thr-37 and Thr-46 residues of 4E-BP1 in vitro 
(26); however, phosphorylation at these sites is not associated 
with a loss of elF4E binding. Phosphorylation of Thr-37 and 
Thr-46 is required for subsequent phosphorylation at several 
COOH-termlnal, serum-sensitive sites; a combination of these 
phosphorylation events appears to be needed to inhibit the 
binding of 4E-BP1 to elF4E (25). The product of the ATM gene, 
P38/MSK1 pathway, and protein kinase Or also play a role in 
4E-BP1 phosphorylation (27-29). 

S6K and 4E-BP1 are also regulated, in part, by PI3K and its 
downstream protein kinase Akt. PTEN is a phosphatase that 
negatively regulates PI3K signaling. PTEN nun cells have 
constltutfvely active of Akt, with Increased S6K activity and 
SB phosphorylation (30). S6K activity is inhibited both by 
PI3K inhibitors wortmannin and LY294002 and by mTOR 
Inhibitor rapamycin (24). Akt phosphoryiates Ser-2448 in 
mTOR in vitro, and this site is phosphorylated upon Akt 
activation in vivo (31-33). Thus, mTOR is regulated by the 
PI3K/Akt pathway; however, this does riot appear to be the 
only mode of regulation of mTOR activity. Whether the PI3K 
pathway also regulates S6K and 4E-BP1 phosphorylation 
independent of mTOR is controversial. 

Interestingly, mTOR autophosphoryiation is blocked by wort- 
mannin but not by rapamycin (34). This seeming inconstetency 
suggests that mTOR-responsive regulation of 4E-BP1 and S6K 
activity occurs through a mechanism other than Intrinsic mTOR 
kinase activity. An alternate pathway for 4E-BP1 and S6K phos- 
phorylation by mTOR activity is by the Inhibition of a phospha- 
tase. Treatment with cafyculin A, an inhibitor of phosphatases 1 
and 2A, reduces rapamydn-induced (^phosphorylation of 4E- 
BP1 and S6K by rapamycin (35). PP2A Interacts with full-length 
S6K but not with a S6K mutant that is resistant to dephospho- 
rylation resulting from rapamycin. mTOR phosphoryiates PP2A 
In vitro; however, how this process alters PP2A activity is not 
known. These results are consistent with the model that phos- 
phorylation of a phosphatase by mTOR prevents dephospho- 
rylation of 4E-BP1 and S6K, and conversely, that nutrient dep- 
rivation and rapamycin block inhibition of the phosphatase by 
mTOR. 

Polyadenylation. The poly(A) tail in eukaryotlc mRNA Is 
Important In enhancing translation Initiation and mRNA sta- 
bility. Polyadenylation plays a key role In regulating gene 
expression during oogenesis and early embryogenesls. 
Some mRNA that are translationally inactive in the oocyte are 
poiyadenylated concomitantly with translational activation in 
oocyte maturation, whereas other mRNAs that are transla- 
tionally active during oogenesis are deadenylated and trans- 
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Fig. 2. Regulation of translation initiation by signal transduction path- 
ways. Signaling via p38, extracellular signal-related kinase, PI3K. and 
mTOR can all activate translation initiation. 



Nationally silenced (36-38). Thus, control of poly(A) tail syn- 
thesis is an important regulatory step in gene expression. 
The 5' cap and poty(A) tail are thought to function synergis- 
tically to regulate mRNA translational efficiency (39, 40). 

RNA Packaging. Most RNA-blnding proteins are assem- 
bled on a transcript at the time of transcription, thus deter- 
mining the translational fate of the transcript (41). A highly 
conserved family of Y-box proteins Is found in cytoplasmic 
messenger ribonucleoprotein particles, where the proteins 
are thought to piay a role in restricting the recruitment of 
mRNA to the translational machinery (41-43). The major 
mRNA-associated protein, YB-1, destabilizes the Interaction 
of elF4E and the 5' mRNA cap in vitro, and overexpression of 
YB-1 results In translational repression in vivo (44). Thus, 
alterations in RNA packaging can also play an Important role 
in translational regulation. 

Translation Alterations Encountered in Cancer 

Three main alterations at the translational level occur in cancer 
variations in mRNA sequences that increase or decrease trans- 
lational efficiency, changes In the expression or availability of 
components of the translational machinery, and activation of 
translation through aberrantly activated signal transduction 
pathways. The first alteration affects the translation of an Indi- 
vidual mRNA that may play a role In carcinogenesis. The sec- 
ond and third alterations can lead to more global changes, such 
as an increase in the overall rate of protein synthesis, and the 
translational activation of several mRNA species. 

Variations in mRNA Sequence 
Variations In mRNA sequence affect the translational effi- 
ciency of the transcript A brief description of these variations 
and examples of each mechanism follow. 

Mutations. Mutations In the mRNA sequence, especially 
in the 5' LTTR, can alter Its translational efficiency, as seen In 
the following examples. 
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c-myc. Salto eta/, proposed that translation of full-length 
c-myc is repressed, whereas in several BurWtt lymphomas 
that have deletions of the mRNA 5' UTR, translation of c-fnyc 
Is more efficient (45), More recently, It was reported that the 
5' LFTR of c-myc contains an IRES, and thus c-myc transla- 
tion can be initiated by a cap-independent as well as a 
cap-dependent mechanism (46, 47). In patients with multiple 
myeloma, a C-»T mutation in the c-myc IRES was Identified 
(48) and found to cause an enhanced initiation of translation 
via internal ribosomal entry (49). 

BRCA1. A somatic point mutation (117 G-»C) in position 
-3 with respect to the start codon of the BRCA1 gene was 
Identified in a highly aggressive sporadic breast cancer (50). 
Chimeric constructs consisting of the wild-type or mutated 
BRCA1 5' UTR and a downstream lucif erase reporter dem- 
onstrated a decrease in the translational efficiency with the 5' 
UTR mutation. 

Cydln-depmdent Kinase Inhibitor 2A. Some inherited 
melanoma kindreds have a G-*T transversion at base -34 
of cycfin-dependent kinase inhibto>r-2A, which encodes a 
cyclin-dependent kinase 4/cyclin-dependent kinase 6 kinase 
inhibitor Important in G 1 checkpoint regulation (51). This 
mutatioa.gives rise to a novel AUG translation initiation 
codon, creating an upstream open reading frame that com- 
petes for scanning ribosomes and decreases translation 
from the wild-type AUG. 

Alternate Splicing and Alternate Transcription Start 
Sites. Alterations In splicing and alternate transcription sites 
can lead to variations in 5' UTR sequence, length, and second- 
ary structure, ultimately impacting transnational efficiency. 

ATM. The ATM gene has four noncoding axons In its 5' 
UTR that undergo extensive alternative splicing (52). The 
contents of 12 different 5' UTRs that show considerable 
diversity in length and sequence have been Identified. These 
divergent 5' leader sequences play an important role in the 
translational regulation of the ATM gene. 

mdm. In a subset of tumors, overexpression of the onco- 
protein mdm2 results in enhanced translation of the mdm2 
mRNA. Use of different promoters leads to two mdm2 tran- 
scripts that differ only in their 5' leaders (53). The longer 5' 
UTR contains two upstream open reading frames, and this 
mRNA is loaded with ribosomes inefficiently compared with 
the short 5 r UTR. 

BRCA1. In a normal mammary gland, BRCA1 mRNA is 
expressed with a shorter leader sequence (5'UTRa), whereas 
in sporadic breast cancer tissue, BRCA1 mRNA is expressed 
with a longer leader sequence (5' UTRb); the translational 
efficiency of transcripts containing 5' UTRb Is 1 0 times lower 
than that of transcripts containing 5' UTRa (54). 

TGF-03. 7GF-03 mRNA includes a 1.1 -kb 5' UTR, which 
exerts an Inhibitory effect on translation. Many human breast 
cancer ceil Ones contain a novel 7GF-03 transcript with a 5' 
UTR that is 870 nucleotides shorter and has a 7-fbld greater 
translational efficiency than the normal ~PGF-p3 mRNA (55). 

Alternate Polyadenyfation Sites. Multiple polyadenyl- 
ation signals leading to the generation of several transcripts 
with differing 3' UTR have been described for several mRNA 
species, such as the RET proto-oncogene (56), ATM gene 
(52), tissue Inhibitor of metalloprotelnases-3 (57), RHOA 



proto-oncogene (58), and calmoduiirH (59). Although the 
effect of these alternate 3' UTRs on translation is not yet 
known, they may be Important In RNA-protein interactions 
that affect translational recruitment The role of these alter- 
ations In cancer development and progression Is unknown. 



Alterations In the Components of the 
Translation Machinery 

Alterations in the components of translation machinery can 
take many forms. 

Overexpresssion of elF4E Overexpression of elF4E 
causes malignant transformation in rodent cells (60) and the 
deregulation of HeLa cell growth (61). Polunovsky et al. (62) 
found that elF4E overexpression substitutes for serum and 
individual growth factors In preserving viability of fibroblasts, 
which suggests that elF4E can mediate both proliferative and 
survival signaling. 

Elevated levels of elF4E mRNA have been found in a broad 
spectrum of transformed ceil lines (63). elF4E levels are 
elevated in all ductal carcinoma in situ specimens and inva- 
sive ductal carcinomas, compared with benign breast spec- 
imens evaluated with Western blot analysis (64, 65). Prelim- 
inary studies suggest that this overexpression is attributable 
to gene amplification (66). 

There are accumulating data suggesting that efF4E overex- 
pression can be valuable as a prognostic marker. elF4E over- 
expression was found In a retrospective study to be a marker of 
poor prognosis in stages I to 111 breast carcinoma (67). Verifica- 
tion of the prognostic value of elF4E in breast cancer is now 
under way In a prospective trial (67). However, In a different 
study, elF4E expression was correlated with the aggressive 
behavior of non-HodgWn's lymphomas (68). In a prospective 
analysis of patients with head and neck cancer, elevated levels 
of elF4E In histologically tumor-free surgical margins predicted 
a significantly increased risk of local-regional recurrence (9). 
These results all suggest that elF4E overexpression can be 
used to select patients who might benefit from more aggressive 
systemic therapy. Furthermore, the head and neck cancer data 
suggest that eiF4E overexpression is a field defect and can be 
used to guide local therapy. 

Alterations in Other Initiation Factors. Alterations in a 
number of other initiation factors have been associated with 
cancer. Overproduction of elF4G, similar to elF4E, leads to 
malignant transformation in vitro (69). elF-2a is found in 
increased levels in bronchioloalveolar carcinomas of the lung 
(3). Initiation factor eiF-4A1 is overexpressed in melanoma 
(70) and hepatocellular carcinoma (71). The p40 subunit of 
translation initiation factor 3 is amplified and overexpressed 
In breast and prostate cancer (72), and the elF3-p1 10 subunit 
is overexpressed in testicular seminoma (73). The role that 
overexpression of these Initiation factors plays on the devel- 
opment and progression of cancer, if any, is not known. 

Overexpression of S6K. S6K Is amplified and highly 
overexpressed in the MCF7 breast cancer cell line, com- 
pared with normal mammary epithelium (74). In a study by 
Bariund et al. (74), S6K was amplified In 59 of 668 primary 
breast tumors, and a statistically significant association was 
observed between amplification and poor prognosis. 
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Over-expression of PAP. PAP catalyzes 3' poty(A) syn- 
thesis. PAP is overexpressed In human cancer cells com- 
pared with normal and vlrally transformed cells (75). PAP 
enzymatic activity in breast tumors has been correlated with 
PAP protein levels (76) and, in mammary tumor cytosoJs, was 
found to be an independent factor for predicting survival (76). 
Utile is known, however, about how PAP expression or ac- 
tivity affects the translations! profile. 

Alterations in RNA-blnding Proteins. Even less is known 
about alterations In RNA packaging In cancer. Increased ex- 
pression and nuclear localization of the RNA-bindlng protein 
YB-1 are Incficators of a poor prognosis for breast cancer (77), 
non-small ceO lung cancer (78), and ovarian cancer (79). How- 
ever, this effect may be mediated at least in part at the level of 
transcription, because YB-1 Increases tftemoresistance by en- 
hancing the transcription of a multidrug resistance gene (80), 



Activation of Signal Transduction Pathways 
Activation of signal transduction pathways by loss of tumor 
suppressor genes or overexpresslon of certain tyrosine kinases 
can contribute to the growth and aggressiveness of tumors. An 
important mutant In human cancers Is the tumor suppressor 
gene P7BN, which leads to the activation of the TOK/AW 
way. Activation of PJ3K and Akt induces the oncogenic trans- 
formation of crik^ embryo fibred 
show constitutive phosphorylation of S6K and of 4E-BP1 (81). 
A mutant Akt that retains kinase activity but does not phos- 
phorytate S6K or 4E-BP1 does not transform fibroblasts, which 
suggests a correlation between the oncogenicity of PBK and 
Akt and the phosphorylation of S6K and 4E-BP1 (81). 

Several tyrosine kinases such as platelet-derived growth 
factor, Insulin-like growth factor, HER2/neu, and epidermal 
growth factor receptor are overexpressed In cancer. Be- 
cause these kinases activate downstream signal transduc- 
tion pathways known to alter translation Initiation, activation 
of translation is likely to contribute to the growth and aggres- 
siveness of these tumors. Furthermore, the mRNA for many 
of these kinases themselves are under translations! control. 
For example, HER2/neu mRNA is translatlonally controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation In a ceil type-independent manner and 
by a distinct cell type-dependent mechanism that increases 
translational efficiency (82). HER2/neu translation is different 
In transformed and normal cells. Thus, it Is possible that 
alterations at the translational level can In part account for 
the discrepancy between HER2/neu gene amplification de- 
tected by fluorescence In sftu hybridization and protein levels 
detected by Immunohistochemlcal assays. 



Translation Targets of Selected Cancer Therapy 

Components of the translation machinery and signal path- 
ways involved In the activation of translation initiation repre- 
sent good targets for cancer therapy. 

Targeting the mTOR Signaling Pathway: Rapamycln 
and Tumstatfn 

Rapamycln Inhibits the proliferation of lymphocytes. It was 
Initially developed as an Immunosuppressive drug for organ 



transplantation. Rapamycln with FKBP 12 (FK606-blnding 
protein, M r 12,000) binds to mTOR to inhibit its function. 

Rapamycin causes a small but significant reduction In the 
initiation rate of protein synthesis (83). It blocks cell growth in 
part by blocking S6 phosphorylation and selectively sur>- 
pressing the translation of 5' TOP mRNAs, such as ribosomal 
proteins, and elongation factors (83-85). Rapamycin also 
blocks 4E-BP1 phosphorylation and Inhibits cap-dependent 
but not cap-independent translation (17, 86). 

The rapamydn-sensmve signal transduction pathway, acti- 
vated during malignant transformation and cancer progression, 
is now being studied as a target for cancer therapy (87). Pros- 
tate, breast, small cell lung, glioblastoma, melanoma, and T-cell 
leukemia are among the cancer lines most sensitive to the 
rapamycin analogue CCI-779 (Wyeth-Ayerst Research; Ref. 
87). In rhabdomycosarcorna cell lines, rapamycin is either cyto- 
static or cytocidal, depending on the p53 status of the ceil; p53 
wikttype cells treated with rapamycln an^ ^ tha ^ phase 
and maintain their viability, whereas p53 mutant cells accumu- 
late inland undergo apoptosls (88, 89). In a recently reported 
study using human primitive neuroectodermal tumor and 
medulloWastoma models, rapamycln exhibited more cytotox- 
icity in combination with cfeplatin and camptothecin than as a 
single agent tn wfvo, CCI-779 delayed growth of xenografts by 
160%after1 week of therapy and 240% after 2 weeks. Aslngle 
high-dose administration caused a 37% decrease in tumor 
volume. Growth inhibition in vivo was 1.3 times greater, with 
cfeplatin in combination with CCI-779 than with cisplatin alone 

(90) . Thus, preclinical studies suggest that rapamycin ana- 
logues eve useful as single agents and hi combination with 
chemotherapy. 

Rapamycin analogues CCI-779 and RAD001 (Novartis, 
Basel, Switzerland) are now in clinical trials. Because of the 
known effect of rapamycln on lymphocyte proliferation, a 
potential problem with rapamycin analogues is Immunosup- 
pression. However, although prolonged Immunosuppression 
can result from rapamycln and CCI-779 administered on 
continuous-dose schedules, the Immunosuppressive effects 
of rapamycin analogues resolve in -24 h after therapy 

(91) . The principal toxicities of CCI-779 have included der- 
matoiogical toxicity, myelosuppression, Infection, mucositis, 
diarrhea, reversible elevations In liver function tests, hyper- 
glycemia, hypokalemia, hypocalcemia, and depression (87, 
92-34). Phase II trials of CCI-779 have been conducted in 
advanced renal cell carcinoma and in stage Ill/TV breast 
carcinoma patients who failed with prior chemotherapy. In 
the results reported in abstract form, although there were no 
complete responses, partial responses were documented in 
both renal ceil carcinoma and in breast carcinoma (94, 95). 
Thus, CCI-779 has documented preliminary clinical activity in 
a previously treated, unselected patient population. 

Active Investigation is under way Into patient selection for 
mTOR Inhibitors. Several studies have found an enhanced 
efficacy of CCI-779 In PTEN-null tumors (30, 96). Another 
study found that six of eight breast cancer cell lines were 
responsive to CCI-779, although only two of these lines 
lacked PTEN (97) There was, however, a positive correlation 
between Akt activation and CCI-779 sensitivity (97). This 
correlation suggests that activation of the PI3K-Akt pathway, 
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regardless of whether it Is attributable to a PTEN mutation or 
to overexpression of receptor tyrosine kinases, makes can- 
cer cell amenable to mTOR-dlrected therapy. In contrast 
lower levels of the target of mTOR, 4E-BP1, are associated 
with raparnycin resistance; thus, a lower 4E-BP1/elF4E ratio 
may predict rapamycln resistance (98). 

Another mode of activity for rapamycln and its analogues 
appears to be through inhibition of angiogenesis. This activ- 
ity may be both through direct inhibition of endothelial cell 
proliferation as a result of mTOR Inhibition in these ceils or by 
Inhibition of translation of such proangiogenic factors as 
vascular endothelial growth factor in tumor ceils (99, 100). 

The angiogenesis inhibitor tumstatin, another anticancer 
drug currently under study, was also found recently to inhibit 
translation in endothelial cells (101). Through a requisite in- 
teraction with Integrin, tumstatin inhibits activation of the 
PI3rVAkt pathway and mTOR in endothelial cells and pre- 
vents dissociation of elF4E from 4E-BP1 , thereby Inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are especially sensitive to therapies targeting 
the mTOR-eignaling pathway. 

Targeting elF2cc EPA, Clotrimazole, mda-7, 
and Flavonolda 

EPA Is an n-3 polyunsaturated fatty acid found in the fish- 
based diets of populations having a low Incidence of cancer 
(102}. EPA inhibits the proliferation of cancer cells (103), as 
well as In animal models (104, 105). It blocks cell division by 
inhibiting translation initiation (105). EPA releases Ca 2+ from 
intracellular stores while Inhibiting their refining, thereby ac- 
tivating PKR. PKR, in turn phosphorylates and inhibits elF2a, 
resulting in the inhibition of protein synthesis at the level of 
translation initiation. Similarly, clotrimazole, a potent antipro- 
liferative agent in vitro and in vivo, inhibits ceil growth through 
depletion of Ca 2+ stores, activation of PKR, and phospho- 
rylation of elF2a (108). Consequently, clotrimazole preferen- 
tially decreases the expression of cyclins A, E, and D1, 
resulting In blockage of the cell cycle In G v 

mcte-7 is a novel tumor suppressor gene being developed 
as a gene therapy agent Adenoviral transfer of mda-7 (Ad- 
mda7) Induces apoptosis In many cancer cells including 
breast, colorectal, and lung cancer (107-109). Ad-mda7 also 
induces and activates PKR, which leads to phosphorylation 
of elF2a and Induction of apoptosis (1 1 0). 

Flavonolds such as genistein and quercetin suppress tu- 
mor cell growth. All three mammalian elF2a kinases, PKR, 
heme-regulated Inhibitor, and PERK/PEK, are activated by 
fiavonoids, with phosphorylation of elF2a and inhibition of 
protein synthesis (111). 



Targeting elF4A and elF4E: Antisense RNA 
and Peptides 

Antisense expression of elF4A decreases the proliferation rate 
of melanoma cells (112). Sequestration of elF4E by overexpres- 
slon of 4E-BP1 is proapoptotic and decreases tumorlgenicity 
(113, 114). Reduction of elF4E with antisense RNA decreases 
soft agar growth, increases tumor latency, and Increases the 
rates of tumor doubling times (7). Antisense elF4E RNA treat- 



ment also reduces the expression of angiogenic factors (115) 
and has been proposed as a potential adjuvant therapy for head 
and neck cancers, particularly when elevated elF4E te found in 
surgical margins. Small molecule Inhibitors that bind the elF4G/ 
4E-BP1 -binding domain of elF4E are proapoptotic (116) and 
are also being actively pursued. 



Exploiting Selective Translation for Gene Therapy 
A different therapeutic approach that takes advantage of the 
enhanced cap-dependent translation In cancer cells is the use 
of gene therapy vectors encoding suicide genes with highly 
structured 5' UTR. These mRNA would thus be at a competitive 
disadvantage In normal cells and not translate well, whereas in 
cancer cells, they would translate more efficiently. For example, 
the introduction the 5' l/TO 

the coding sequence of herpes simplex vims type- 1 thymidine 
kinase gene, aBows for selective translation of herpes simplex 
vims type-1 thymidine kinase gene in breast cancer cell lines 
compared with normal mammary cell lines and results in se- 
lective sensitivity to gancidovir (1 1 7). 



Toward the Future 

Translation is a crucial process in every cell. However, several 
alterations In translation^ control occur in cancer. Cancer cells 
appear to need an aberrantly activated translations state for 
survival, thus allowing the targeting of translation initiation with 
surprisingly low toxicity. Components of the translation^ ma- 
chinery, such as e!F4E, and signal transduction pathways in- 
volved In translation initiation, such mTOR, represent promising 
targets for cancer therapy. Inhibitors of the mTOR have already 
shown some preliminary activity in clinical trials. It is possible 
that with the development of better predictive markers and 
better patient selection, response rates to single-agent therapy 
can be improved. Similar to other cytostatic agents, however, 
mTOR inhibitors are most likely to achieve clinical utility In 
combination therapy. In the interim, our increasing understand- 
ing of translation Initiation and signal transduction pathways 
promise to lead to the identification of new therapeutic targets 
In the near future. 
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HER-2/neu Breast Cancer Predictive Testing 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role.* 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju^ 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease* and the difficulty lies in how to iden- 
tify this high-risk subset of patients, These patients could 
benefit from increased surveillance, early intervention, aid 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor stee, histological grade, steroid 
hormone receptor status, DNAploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the H£R-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

mfcl/vga (alj5o known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprcSein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunobistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysionTM Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has dempnstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 1 6.7% for 
patients with no HER-2/neu gene amplification^ HER-2/heu 
status may be particularly important to establish in women with 
small (:£ 1 cm) tumor size. 

The choice of methodology for determination of BER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving! 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses pf 
■ cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF) 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of jadriamycin- 
based therapy, while those withjiormal HER-2/neu levels did 
not; The study therefore identified a sub-set pf women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects* In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion ii> node-negative patients can be used as an independent 
prognostic indicator for eariy recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast canter patients. 

Selection of patients for Herceptin© (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon dernoa^ra. 
tipn of HER-2/neu protein overexpression using HercepTesf 1 * 
Studies using Herceptjn* in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, andstudies looking' at response 
to Herceptin° in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will utiV 
lize iramunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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HER-2/aeu via IHC 

88342 (including interpretive report) 



HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
88291 Cytogenetics and molecular cytogenetics, interpre- 
tation an4 report 

Procedural Information 

Immunohistocheraistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest^. The DAKO kit contains 
reagents required to complete a two-step irnmunohisto- 
chemical staining procedure for routinely processed, paraffin- 
embedded specimens. Following incubation wjth the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
. for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion of the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then conn- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved Path Vysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section* the Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, Spectrum orange) present at 
the chrompsome4^entfiamere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s iri the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed tad reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC 
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Evaluation of HER-2/neu Gene Amplification and 
Overexpression: Comparison of Frequently Used Assay 
Methods in a Molecularly Characterized Cohort of Breast 

Cancer Specimens 

By Michael F. Press, Dennis J. Slamon, Kerry J. Flom, Jinha Park, Jian-Yuan Zhou, and Leslie Bernstein 



Purpose : To compare and evaluate HER-2/neu clini- 
cal assay methods. 

Materials and Methods : One hundred seventeen 
breast cancer specimens with known HER-2/neu amplifi- 
cation and overexpression status were assayed with four 
different immunohistochemical assays and two different 
fluorescence in situ hybridization (FISH) assays. 

Results : The accuracy of the FISH assays for HER-2/ 
neu gene amplification was high, 97.4% for the Vysis 
PathVision assay (Vysis, Inc, Downers Grove, IL) and 
95.7% for the the Ventana INFORM assay (Ventana, 
Medical Systems, Inc, Tucson, A2). The immunohisto- 
chemical assay with the highest accuracy for HER-2/ 
neu overexpression was obtained with R60 polyclonal 
antibody (96.6%), followed by immunohistochemical 
assays performed with 10H8 monoclonal antibody 

A LARGE NUMBER of molecular genetic alterations 
have now been identified in human breast cancers. 
These include both inherited and acquired genetic alter- 
ations. Among acquired alterations HER-2/neu gene ampli- 
fication has received a great deal of attention recently. This 
is because of its potential clinical utility as a prognostic 
marker and as a predictor of responsiveness to treatment. 

HER-2/neu (c-erbB-2) gene amplification, identified in 
20% to 30% of breast cancers, is a prognostic marker of 
poor clinical outcome in node-negative and node-positive 
breast cancer and a predictor of lack of responsiveness to 
tamoxifen an ti estrogen therapy and responsiveness to adju- 
vant doxorubicin chemotherapy. The development of an 
immunotherapeutic, trastuzamab (Herceptin; Genentech, 
Inc, South San Francisco, CA), to the extracellular domain 
of HER-2/neu has provided a new treatment for women 
with metastatic, HER-2//?ew-overexpressing breast cancer. 
The importance of HER-2/neu in breast cancer treatment 
decision making has focused attention on the ability of 
various clinical assays to correctly assign HER-2/ neu am- 
plification and overexpression status. 

One of us (D.J.S.) first identified UER-2/neu gene ampli- 
fication in breast cancers 15 years ago using Southern 
hybridization of frozen breast cancer specimens. 1 Subse- 
quently, we have shown a correlation between gene ampli- 
fication and an increased level of HER-2/«e« expression, 
referred to as overexpression, at the mRNA and protein 
product levels. 2 Overexpression of HER-2/A?ew in cultured 



(95.7%), the Ventana CB11 monoclonal antibody 
(89.7%), and the DAKO HercepTest {88.9%; Dako, Corp, 
Carpinteria, CAJ. Only the sensitivities, and therefore, 
overall accuracy, of the DAKO Herceptest and Ventana 
CB1 1 immunohistochemical assays were significantly 
different from the more sensitive FISH assay. 

Conclusion : Based on these findings, the FISH as- 
says were highly accurate, with immunohistochemi- 
cal assays performed with R60 and 10H8 nearly as 
accurate. The DAKO HercepTest and the Ventana 
CB11 immunohistochemical assay were statistically 
significantly different from the Vysis FISH assay in 
evaluating these previously molecularly character- 
ized breast cancer specimens. 

J Clin Oncol 20:3095-3105. © 2002 by American 
Society of Clinical Oncology. 

cells and transgenic mice is associated with malignant 
transformation in the cells overexpressing this gene. 3 " 5 
Although initially controversial, we and others have shown 
that HER-2/neu gene amplification or overexpression pre- 
dicts shorter disease-free survival or shorter overall survival 
in both axillary lymph node-negative 6 " 17 and node-positive 
breast cancer. 1 ' 2 ' 818 ' 19 In addition, HER-2/neu overexpres- 
sion has been associated with responsiveness to cytotoxic 
chemotherapy 12,20 " 25 and resistance to tamoxifen antiestro- 
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gen therapy. " Experimental work with animal models 
and clinical trials with women having HER-2/«ew-overex- 
pressing breast cancer have shown tumor regression in 
response to anti-HER-2//iew antibody therapy. Recently, the 
United States Food and Drug Administration (FDA) ap- 
proved an immunotherapeutic agent for women with meta- 
static, HER-2/new-overexpressing breast cancers. This im- 
munotherapeutic is a recombinant, humanized anti-HER-2/ 
neu monoclonal antibody, trastuzamab. The FDA has also 
approved two fluorescence in situ hybridization (FISH) 
assays for clinical testing of HER-2/neu gene amplification 
(Ventana Medical Systems, Inc, Tucson, Az, and Vysis, Inc, 
Downers Grove, IL) and two immunohistochemical assays 
for HER-2/new overexpression (DAKO, Corp, Carpinteria, 
CA, and Ventana Medical Systems, Inc). The FDA approval 
for gene amplification tests was originally for identification 
of women with node-negative disease at high-risk for 
recurrence or disease-related death or for selection to 
doxorubicin chemotherapy. A recently approved application 
to the FDA broadened the indications for FISH testing to 
include selection of women with metastatic breast cancer 
for trastuzamab therapy. Both immunohistochemistry as- 
says are approved for selection of women with metastatic 
breast cancer to receive trastuzamab treatment. 

Previous molecular analyses of frozen breast cancer 
specimens indicate that amplification is closely associated 
with overexpression; 2 ' 18 however, the detection rates for 
immunohistochemistry reported by clinical laboratories are 
different from one another and, for at least one of the 
immunohistochemical assays, higher than expected. 30,31 
This apparent discrepancy has generated considerable con- 
fusion among clinicians, pathologists, and patients regard- 
ing appropriate methods for HER-2/new testing. To address 
this issue, we have used each of the four FDA-approved 
assays and two additional immunohistochemical assays to 
test for HER-2/«ew alterations in breast cancer specimens in 
which we previously determined amplification and overex- 
pression levels using solid matrix blotting techniques. 

MATERIALS AND METHODS 

Breast Cancer Specimens 

Breast cancer specimens were selected for inclusion in this study 
based on the following criteria: (1) specimens were previously molec- 
ularly characterized for HER-2/neu gene amplification and overexpres- 
sion using solid matrix blotting techniques, 2 6, 18,32 and (2) the analyses 
of amplification and expression showed agreement between amplifica- 
tion status and expression status. To minimize inclusion of tumors that 
were misclassified because of dilutional artifacts associated with solid 
matrix blotting methods, samples selected as representative of gene 
amplification were required to show both amplification and overex- 
pression, whereas cases selected as representative of nonamplified 
samples were required to show neither gene amplification nor overex- 



pression by solid matrix blotting techniques. Tumors showing a 
disagreement between the amplification and expression status were 
excluded from the analysis. 

HER-2/new gene amplification was previously determined by solid 
matrix blotting (either Southern hybridization or slot/dot blot hybrid- 
ization) using DNA extracted from breast cancer specimens. 2 " HER- 
2/neu expression was assessed by either solid matrix blotting of RNA 
or protein extracted from breast cancer specimens (Northern hybrid- 
ization, dot blot hybridization, and Western immunoblot) or immuno- 
histochemistry. If expression was assessed by more than one method, 
then the expression level was assigned according to the classification 
determined by the majority of assay methods. Ninety-eight cases had 
expression data available from two or more assay methods. 2 * 18 The 
remaining 19 cases had expression data available from only a single 
assay method. 6 

Breast cancer specimens with known HER-2/wew gene copy and 
expression levels were evaluated in this study as archival, paraffin- 
embedded tissue specimens. The specimens were arrayed in two 
paraffin-embedded, multitumor specimen blocks, as described else- 
where in detail. 32 The histopathology of all specimens remaining in the 
multispecimen blocks was reviewed, and only specimens containing 
breast carcinoma cells were included in the study. One hundred 
seventeen cases met all of the above criteria and were included in this 
study with 43 breast cancers showing both amplification and 
overexpression and 74 breast cancers showing neither amplification 
nor overexpression. The multitumor specimen block approach 
permitted the use of small quantities of reagents and, more impor- 
tantly, assured equal exposure of each breast cancer to all of the 
reagents in the assay system. 

FISH for Gene Amplification Using Both HER-2/ncu and 
Chromosome 17 Centromere Probes 

HER-2Mew gene copy level was determined by FISH in paraffin- 
embedded tissue sections as a ratio of HER-2/rcew gene copies-to- 
chromosome 17 centromere copies (Vysis, Inc). This approach elimi- 
nates increased gene copy number due to aneuploidy or aneusomy 
alone. Because the HER-2/rtew gene is located on chromosome 1 7, 33 an 
alpha satellite (pericemromeric) DNA probe for chromosome 17 was 
selected as an internal control for chromosomal aneuploidy. By 
comparing the number of copies of these two chromosomal markers, 
aneuploidy of chromosome 17 is excluded as a source of increased 
HER-2/«ew gene copy number. The alpha-satellite DNA is also used as 
an internal control to correct for differences that might arise as a result 
of tissue sectioning artifacts in paraffin -em bedded section preparation. 

FISH was performed according to the PathVysion (Vysis, Inc) 
protocol, which is described in the package insert as approved by the 
United States FDA. In brief, the PathVysion protocol involved rehy- 
dration of paraffin-embedded, 4-/xm thick, multitumor tissue sections 
through Hemo-De clearing agent (Vysis, Inc) and a graded series of 
alcohols. The sections were air dried, pretreated (80°C, 30 minutes), 
and digested with protease (37°C, 10 to 20 minutes) before hybridizing 
with fluorescent-labeled probes for HER-2//jew gene and alpha-satellite 
DNA for chromosome 17. The locus specific identifier (LSI) HER-2/ 
neu DNA probe is a 190-Kb SpectrumOrange (Abbott-Vysis, Inc) 
directly labeled fluorescent DNA probe specific for the HER-2/«ew 
gene locus (17ql 1.2-ql2). The chromosome enumeration probe (CEP) 
17 DNA probe is a 5.4-Kb SpectrumGreen (Abbott-Vysis, Inc) directly 
labeled fluorescent DNA probe specific for the alpha satellite DNA 
sequence at the centromeric region of chromosome 1 7 ( 1 7p 1 1 . 1 -q 1 1 . 1 ). 
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The probes were premixed and predenatured in hybridization buffer for 
ease of use. 

The nuclei were routinely counterstained with an intercalating 
fluorescent counterstain, 4'-6'-diamidino-2'-phenylindole (DAPI). 
Staining was visualized with a Zeiss Axioskop 20 fluorescence micro- 
scope (Carl Zeiss, Inc, Oberkochen, Germany). SK-BR-3 human breast 
cancer cells, known to have HER-2/rtew gene amplification, and 
MDA-MB-468 human breast cancer cells, known to lack HER-2/ neu 
gene amplification, were used as control cells (American Type Culture 
Collection, HTB30 and HTB132) 34 (unpublished data). For each 
tumor, 60 tumor cell nuclei were identified and scored for both 
HER-2/rtew and chromosome 17 centromere number. Using criteria 
established for Southern hybridization, 2,16,18 HER-2Mew gene amplifi- 
cation was defined as a HER-2//iew-to-chromosome 17 ratio greater 
than 2.0 as required by the manufacturer. 

FISH to Evaluate Gene Amplification Using Only a 
HER-2Meu Probe 

An indirect method for localization of the HER-2/neu gene by FISH, 
Ventana InformHer (Ventana Medical Systems, Inc), was performed as 
previously described 7 and as approved by the FDA. Briefly, sections of 
formalin-fixed, paraffin -em bedded breast cancer tissue were mounted 
on microscope slides and pretreated chemically (Pretreatment step, 
reduction of peptide disulfide bonds) and enzymatically (Protein 
digestion step, digestion of proteins) to remove proteins that block 
DNA access. The DNA in the sections was converted from double to 
single strands by denaturation at 75 °C using a mixture of 20 X saline 
sodium citrate and formamide. A hybridization solution, containing a 
digoxigenin-labeled DNA probe complementary to the HER-2/neu 
gene sequence, was applied to the tissue sections. Incubation was 
carried out under conditions favorable for annealing of probe DNA and 
genomic DNA sequences as described by the manufacturer (Ventana, 
Inc). Unannealed probe was washed off using a mixture of 20X saline 
sodium citrate and formamide. The hybridized probe was detected 
using a fluorescein- labeled avidin, which bound to biotin on the DNA 
probe, thereby immobilizing the fluorescein at the site of the HER-2/ 
neu gene. The remainder of the DNA was then stained with DAPI in 
Antifade. Excitement of fluorescein and DAPI by light from a 
mercury arc lamp with appropriate filters in a Zeiss fluorescence 
microscope resulted in the emission of green and blue light, 
respectively. The observer selected these two colors by using a 
microscope filter set designed for simultaneous viewing of DAPI 
and fluorescein, and scored nuclei in the tissue section for the 
number of green signals in blue nuclei. 

For each specimen, gene copy level was assessed in two areas of 20 
nonoverlapping tumor cell nuclei. A tumor was amplified if there were 
more than four copies of HER-2/neu per cell, as described elsewhere 7 
and as required by the manufacturer (Ventana, Inc). Staining was 
visualized with a Zeiss fluorescence microscope. SK-BR-3 human 
breast cancer cells, known to have HER-2/neu gene amplification, and 
MDA-MB-468 human breast cancer cells, known to lack HER-2/«ew 
gene amplification, were used as control cells. 

Immunohistochemical Assay for HER-2/neu Protein Using 
the R60 Polyclonal Antibody 

Rabbit polyclonal antibody (R60) was used with the peroxidase 
antiperoxidase immunohistochemical technique to demonstrate HER- 
2/neu protein product in tissue sections, as described in detail else- 
where. 2,6 * 32 We have demonstrated the specificity of the primary R60 
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antibody for HER-2/wew receptor protein with western immunoblot 
analyses and competition studies performed using the peroxidase 
antiperoxidase technique. 18 This immunohistochemical technique in- 
volved incubation of the tissue sections with the following three 
different antibodies: a primary rabbit R60 HER-2/new antibody ( 1 : 1000 
dilution, overnight incubation at 2°C); a secondary or bridging goat 
anti-immunoglobulin G antibody (1:50 dilution, 30 minutes, room 
temperature)(Zymed, Inc, South San Francisco, CA); and, finally, a 
rabbit peroxidase antiperoxidase antibody with bound horseradish 
peroxidase (1:50 dilution, 30 minutes, room tern perature)(S tern berger, 
Inc, Lutherville, MD). The site of immunoprecipitates was identified 
using the chromogen, diaminobenzidine, which can be visualized 
microscopically after reaction with horseradish peroxidase. The tissue 
sections were counterstained with ethyl green and evaluated with an 
Olympus BH-2 bright field microscope (Olympus America, Inc, 
Melville, NY) as showing low expression or overexpression according 
to subjective criteria described elsewhere. 6,32 

Immunohistochemical Assay for HER-2/neu Protein Using 
the 10H8 Monoclonal Antibody 

Mouse monoclonal antibody to the protein product of the proto- 
oncogene HER-2/«ew (c-eW>B2) was used with the peroxidase antiper- 
oxidase immunohistochemical technique to demonstrate this protein 
product in tissue sections. The immunohistochemical technique in- 
volved incubation of the tissue sections with two different antibody 
reagents: the primary mouse antibody specific for WER-2lneu receptor 
protein (10H8 monoclonal antibody, 5 jxg/mL, 30 minutes, room 
temperature), followed by a goat antimouse immunoglobulin conju- 
gated to a HRP-labelled dextran polymer (Envision + , 30 minutes, 
room temperature; DAKO, Corp). The site of immunoprecipitates was 
identified using a chromogen, diaminobenzidine, visualized microscop- 
ically. Prediluted goat antimouse immunoglobulin G conjugated to 
HRP-labelled dextran polymer (Envision +) was used as specified by 
the manufacturer (DAKO Corp, catalog no. K400I). The specificity of 
the primary antibody for HER-2/«ew receptor protein has been previ- 
ously demonstrated with western immunoblot analysis, immunopre- 
cipitation assays and competition studies performed using the peroxi- 
dase antiperoxidase technique. 35 Immunostaining was scored subjectly 
with an Olympus bright-field microscope as strong continuous 
membrane staining (high immunostaining), moderate continuous 
membrane staining (medium immunostaining), weak barely detect- 
able membrane staining (low immunostaining), and an absence of 
membrane staining (low immunostaining). Strong and moderate 
membrane staining were considered to represent overexpression, 
and no membrane staining or weak membrane staining was consid- 
ered to represent low HER-2/new expression. 

DAKO HercepTest for Immuno enzymatic Staining to 
Detect HER-2Mqu Protein 

The HercepTest (DAKO, Corp) is a subjectively scored immunohis- 
tochemical assay used to determine HER-2/wew protein overexpression 
in histologic sections of breast cancer specimens. The HercepTest is 
approved by the FDA (September, 1998) for selection of women with 
breast cancer to receive trastuzumab humanized monoclonal antibody 
therapy. In this study, the HercepTest was performed according to the 
approved protocol as described by the manufacturer. Tissue sections 
were cut, mounted on plus slides, heat-treated for antigen retrieval, and 
immunostained. Antigen retrieval involved boiling the tissue sections 
at 95°C to 99°C in 10 mmol/L citrate buffer for 40 minutes. The 
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sections were cooled and treated with peroxidase-blocking reagent for 
5 minutes, rinsed, and treated with sufficient primary rabbit HER-2/new 
antibody to cover the entire tissue section for 30 minutes. The sections 
were rinsed again and treated for 30 minutes with visualization reagent, 
a solution containing both secondary goat antirabbit antibody and 
horseradish peroxidase linked to a common dextran polymer backbone. 
After rinsing away excess visualization reagent, the sections were 
incubated in diaminobenzidine for 10 minutes to identify the location 
of immunoprecipitates. The tissue sections were processed with the 
DAKO Autostainer Universal Staining System according to the instruc- 
tions of the manufacturer (DAKO, Corp). The sections were counter- 
stained with hematoxylin and mounted in Permount. Immunostaining 
was interpreted with a bright-field Olympus microscope according to 
the scoring system of the manufacturer as 0, 1 +, 2+, and 3+ (DAKO, 
Corp); 2 + and 3+ immunostaining was considered to be overexpres- 
sion and 0/1 + immunostaining was considered to be low expression. 

Immunohistochemical Assay for HER-2/neu Protein Using 
the CB11 Monoclonal Antibody 

The protocol and instructions provided by Ventana Medical Systems, 
Inc, were used for the CB 1 1 immunohistochemical assay under the 
supervision of a Ventana employee. Prediluted anti-HER-2/«ew mono- 
clonal antibody CB1 1 (Ventana Medical Systems, Inc) was used with 
ready-to-use detection kits and a Ventana Automated Slide Stainer 
according to the manufacturer's specifications to detect HER-2//iew. 
Each antigen-retrieved slide was labeled with the appropriate bar code 
specifying the staining procedure. The sequence of staining procedures 
carried out by the automated slide stainer included application of 
inhibitor solution to decrease endogenous peroxidase activity (4 min- 
utes, 37°C), application of primary antibody (CB1 1, prepared by the 
manufacturer at approximately 0.63 j-ig/mL, 32 minutes, 37°C), appli- 
cation of biotinylated secondary antibody (8 minutes, 37°C), applica- 
tion of avidin/streptavidin-enzyme conjugate (8 minutes, 37°C), and 
application of diaminobenzidine chromogenic substrate. The specimen 
processing was supervised by a representative of the manufacturer to 
ensure that the tissue was processed appropriately. The immunostaining 
was scored 0, 1+, 2+, and 3+, with 2+ and 3+ considered 
overexpression, as described previously. 36 " 38 

Statistical Analyses 

For each of the six assay methods, the sensitivity, specificity, and 
accuracy were calculated using the known HER-2/new status of the 
tumor as the gold standard. Exact binomial 95% confidence intervals 
(CI) were calculated for each of these measures. To measure the degree 
of concordance (or accuracy corrected for agreement by chance), the 
kappa statistic and its 95% CI were calculated. 39 In general, values of 
kappa greater than or equal to 0.9 1 are considered to represent almost 
perfect agreement with 1 .0 being perfect agreement. 40,41 The sensitivity 
and accuracy measures were compared using Fisher's exact test. 

RESULTS 

One hundred seventeen breast cancer specimens with 
known \\ER-2lneu amplification and overexpression status 
determined by solid matrix blotting techniques and immu- 
nohistochemistry in previous studies 2,6,11 were reanalyzed 
as paraffin-embedded tissue sections for gene amplification 
using two FISH methods and for HER-2/m?w overexpression 
using four different immunohistochemical assays. 



FISH for Gene Amplification Using Both HER-2Mqu and 
Chromosome 17 Centromere Probes 

The average HER-2/neu gene copy number and chromo- 
some 17 centromere copy number were determined in 60 
tumor cell nuclei from each of the 117 breast cancer 
specimens (Fig 1). The HER-2/«ew-to-chromosome 17 ra- 
tios varied from 0.69 to 19.07; values greater than or equal 
to 2.0 demonstrate gene amplification. Forty-two breast 
cancers were amplified in this assay, and 75 were not. After 
the results were unmasked, the assay sensitivity was 95.4% 
(41 of 43 breast cancers), and the specificity was 98.6% (73 
of 74) (Table 1 ). Two breast cancers, known to have gene 
amplification, had HER-2//7ew-to-chromosome 17 centro- 
mere ratios of 1.98 and 1.89. Another breast cancer, known 
to lack gene amplification, had a HER-2/«eH-to-chromo- 
some 17 centromere ratio of 4.06. One hundred fourteen of 
the 1 1 7 breast carcinomas were correctly categorized, for an 
accuracy rate of 97.4%. The degree of concordance (kappa) 
was 0.945 (95% CI, 0.883 to 1.0). 

FISH to Evaluate Gene Amplification Using Only a 
HER-2/ntu Probe 

The number of HER-2/«ew gene copies was determined in 
20 tumor cell nuclei for each of two microscopic fields in the 
1 1 7 breast cancer specimens using FISH with a digoxigenin- 
labeled cosmid probe (Ventana, Inc) (Fig 1). The average 
number of HER-2/wew gene copies per tumor cell nucleus 
ranged from 1.28 to 25.50; values greater than or equal to 4.0 
demonstrate gene amplification. The sensitivity of this FISH 
assay was 95.4% (41 of 43 breast cancers); the specificity was 
96.0% (71 of 74); and the accuracy was 95.7% ( 1 12 of 1 17) 
(Table 1). The degree of concordance (kappa) was 0.909 (95% 
CI, 0.830 to 0.987). Forty-four of the 1 17 breast cancers had 
more than 4.0 HER-2/neu gene copies per tumor cell nucleus, 
and 73 had less than 4.0 UER-2/neu gene copies per tumor cell 
nucleus. One of the three cases with a false-positive result was 
the same case as the single false-positive result found with the 
Vysis FISH assay (average of 8.30 HER-2/new gene copies per 
tumor cell nucleus). The other two false-positive results 
were above the cutoff of 4.0 (4.93 and 4.38). The two 
false-negative cases had averages of 3.58 and 3.97 
HER-2/neu gene copies per tumor cell nucleus. These 
were the same two cases identified as false-negatives 
with the Vysis FISH assay (above). 

Immunohistochemical Assay for //£V?-2/neu Protein Using 
the R60 Polyclonal Antibody 

Overexpression of HER-2/neu protein was identified in 
39 of the breast carcinomas. These breast cancers had 
membrane staining above the minimal low amount of 
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Fig 1 . Comparison of FISH and immunohistochemical staining. The FISH and immunostaining results are illustrated for two breast cancers (A and B) known to have 
gene amplification and overexpression. In one breast cancer (A) {MTB# 1 , 3-3), all assay methods (Al -A6) demonstrated positive HER-2/neu results. In the other breast 
cancer (B) {MTB#1, 2-6}, both FISH assays (Bl, B2) and one immunohistochemical assay (B4) demonstrated positive HER-2/neu results. (Al and Bl) Vysis PathVysbn 
FISH assay. (A2 and B2) Ventan InformHer FISH assay. (A3 and B3) Rabbit R60 polyclonal antibody immunohistochemical assay. (A4 and B4) Mouse 10H8 monoclonal 
antibody immunohistochemical assay. (A5 and B5) DAKO HercepTest immunohistochemical assay. (A6 and B6) Ventana CB1 1 immunohistochemical assay. 



membrane staining observed in normal epithelial cells, 
and these cases were scored as having medium- or 
high-intensity membrane staining, as described in Mate- 
rials and Methods and elsewhere (Fig i). 2 ' 6 » 32 Seventy- 
eight of the breast carcinomas were scored as having low 
expression because either no membrane staining or weak 



membrane immunostaining was observed. The sensitivity 
of immunohistochemistry with R60 polyclonal antibody 
was 90.6% (39 of 43 breast cancers); the specificity was 
100% (74 of 74); and the accuracy was 96.6% (1 13 of 
1 17) (Table 1). The degree of concordance (kappa) was 
0.925 (95% CI, 0.853 to 0.997). 



Table 1. Comparison of FISH and Immunohistochemical Assay Results Using 1 17 Breast Cancers With Known HER-2/neu Gene Amplification and 

Overexpression Status 



No. Positive/ 



Assay 


No. Negative 


Sensitivity 


95% CI 


Specificity 


95% CI 


Kappa 


95% a 


Accuracy 


95% a 


FISH, Vysis 


42/75 


41/43 = 0.954 


0.842-0.994 


73/74 = 


0.986 


0.927-1.0 


0.945 


0.883-1.0 


0.974 


0.927-0.995 


FISH, Ventana 


44/73 


41/43 = 0.954 


0.842-0.994 


71/74 = 


0.960 


0.886-0.992 


0.909 


0.830-0.987 


0.957 


0.903-0.986 


IHC-R60 


39/78 


39/43 = 0.907 


0.779-0.974 


74/74 = 


1.00 


0.951-1.0 


0.925 


0.853-0.997 


0.966 


0.915-0.991 


IHC-10H8 


38/79 


38/43 = 0.884 


0.749-0.961 


74/74 = 


1.00 


0.951-1.0 


0.906 


0.825-0.986 


0.957 


0.903-0.986 


IHC-CB1 1 


31/86 


31/43 = 0.721 


0.563-0.847* 


74/74 = 


1.00 


0.951-1.0 


0.766 


0.644-0.888 


0.897 


0.828-0.946* 


IHC-DAKO 


30/87 


30/43 - 0.698 


0.539-0.828* 


74/74 = 


1.00 


0.951-1.0 


0.745 


0.618-0.871 


0.889 


0.817-0.939* 



Abbreviation: IHC, immunohistochemistry (manual). 

•Results differ significantly from those obtained with Vysis FISH assay (P < .05). 
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Immunohistochemical Assay for HER-2/neu Protein Using 
the I0H8 Monoclonal Antibody 

Membrane immunostaining was scored as described in 
Materials and Methods using low-, medium-, and high- 
intensity categories, with medium and high immunostaining 
corresponding to overexpression (Fig 1). Thirty-eight of the 
117 breast cancers were considered to have medium- or 
high-intensity immunostaining, whereas 79 were considered 
to have low immunostaining. When the known HER-2/wew 
expression status was unmasked, 38 of the 43 breast cancers 
with overexpression and all 74 of the low-expression breast 
cancers had been correctly categorized. The sensitivity of 
immunohistochemistry with 10H8 monoclonal antibody 
was 88.4% (38 of 43 breast cancers); the specificity was 
100% (74 of 74); and the accuracy was 95.7% (1 12 of 1 17) 
(Table I). The degree of concordance (kappa) was 0.906 
(95% CI, 0.825 to 0.986). 

DAKO HercepTest for Immunoenzymatic Staining to 
Detect HER-2/neu Protein 

Immunostaining of UEK-2/neu oncoprotein by the Her- 
cepTest kit was assessed as 0, 1 + , 2+ , and 3 + , as described 
by the manufacturer, with 0 and 1 + scored as low expres- 
sion and 2+ and 3+ scored as overexpression. Seventeen 
breast cancers had 3+ immunostaining, 13 had 2+ immu- 
nostaining, five had 1 + immunostaining, and 82 had no 
immunostaining. Unmasking of the known expression lev- 
els demonstrated that 30 of 43 breast cancers with overex- 
pression and all 74 breast cancers with low expression had 
been correctly categorized. The sensitivity was 69.8% (30 
of 43 breast cancers); the specificity was 100% (74 of 74); 
and the accuracy was 88.9% (104 of 1 17). The degree of 
concordance (kappa) was 0.745 (95% CI, 0.618 to 0.871). 
The HercepTest would have had a substantially higher 
false-negative rate if only the 3+ breast cancers had been 
considered positive (sensitivity, 13 of 43 = 30.2%; false- 
negatives = 69.8%). 

Immunohistochemical Assay for J-fER-2/neu Protein Using 
the CBll Monoclonal Antibody 

Immunostaining with the CB 1 1 monoclonal antibody was 
evaluated as recommended by the manufacturer (Ventana, 
Inc). Thirty-one breast cancers were assessed as having 
HER-2/wew overexpression, and 86 were assessed as having 
low expression. Unmasking of the known expression levels 
demonstrated that 3 1 of the 43 known overexpressors and 
all 74 of the known low expressors had been correctly 
categorized. Five breast cancers had 1 + immunostaining; 
four of these breast cancers were known amplified overex- 
pressors. The sensitivity of immunohistochemistry with the 



CB1 1 monoclonal antibody was, therefore, 72. 1% (3 1 of 43 
breast cancers); the specificity was 100% (74 of 74); and the 
accuracy was 89.7% (105 of 117). The degree of concor- 
dance (kappa) was 0.766 (95% CI, 0.644 to 0.888). If any 
degree of membrane staining (1 +, 2+, or 3+) was consid- 
ered overexpression, then the specificity was 81.4% (35 of 
43); the sensitivity was 98.6% (73 of 74), and the accuracy 
was 92.3% (108 of 117). 

Comparison of FISH and Immunohistochemical Assays 

Overall, the Vysis FISH assay was the most accurate, 
followed by the R60 immunohistochemical assay, the Ven- 
tana FISH assay, the 10H8 immunohistochemical assay, the 
Ventana CB 1 1 immunohistochemical assay, and the DAKO 
HercepTest (Table 1). In our hands, the immunohistochem- 
ical assays had perfect specificity but they had lower 
sensitivity. Because of 12 Ventana (considering 2+ and 3 + 
as overexpression) or 13 DAKO Herceptest immunohisto- 
chemistry false-negative results, the results for the immu- 
nohistochemical DAKO HercepTest and immunohisto- 
chemical Ventana CB1 1 assay were significantly lower than 
the Vysis FISH assay with regard to sensitivity and, 
therefore, accuracy. 

The same two cases, known to be amplified by previous 
analyses, were not scored as amplified with either the Vysis 
FISH assay (ratios less than 2.0; ie, 1.98 and 1.89 by the 
Vysis PathVision assay system) or the Ventana FISH assay 
(HER-2/wew gene copy levels less than 4.0; ie, 3.58 and 
3.97). Both of these cases showed moderate (2+) immuno- 
staining with the polyclonal R60 immunohistochemical 
assay but not with any of the other immunohistochemical 
assays. One breast cancer, known to lack amplification by 
previous analyses, was evaluated as amplified with both 
FISH assays (HER-2/«ew-to-chromosome 17 ratio of 4.06 
by the Vysis assay and a HER-2/wew gene copy number of 
8.30 by the Ventana assay). Membrane immunostaining was 
detected in this case by 10H8 monoclonal antibody and the 
HercepTest (1+) but was not sufficiently strong to be 
scored as overexpression by either assay. A second breast 
cancer, known to lack amplification by previous analyses, 
was evaluated as amplified with only one of the two FISH 
assays (a HER-2/wew gene copy number of 4.93 by the 
Ventana assay). None of the immunohistochemical as- 
says demonstrated any membrane immunostaining in this 
breast cancer. 

Detection at Various Amplification/Overexpression Levels 

Overall, those breast cancers with the highest level of 
gene amplification and overexpression (greater than 20-fold 
amplification of HER-lineu) were identified the most fre- 
quently by each of the assay methods with one exception 
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Toble 2. Detection With Each Assay Method by Known HER-2/neu Gene Amplification /Over expression Status 



> 20-Fold Amplification 5- to 20-Fold Amplification 2- to 5-Fold Amplification 

("_= H) (n = 16) ( n - 16) 



Assay Method 


No. 


% 


No. 


% 


No. 


% 


FISH (Vysis) 


11 


100 


16 


100 


14 


87.5 


FISH (Verrtana} 


11 


100 


16 


100 


14 


87.5 


IHC-R60 


10 


90.9 


14 


87.5 


15 


93.8 


IHC-10H8 


11 


100 


15 


93.8 


12 


75.0 


IHC-DAKO 


10 


90.9 


13 


81.3 


7 


43.8 


IHC-CB1 1 


9 


81.8 


13 


81.3 


9 


56.3 



(Table 2). Those breast cancers with lower levels of gene 
amplification (two- to five-fold amplification) had a signif- 
icantly lower level of detection, especially with two of the 
immunohistochemical assay methods evaluated manually as 
2+ or 3+ membrane immunostaining (Table 2). 

DISCUSSION 

The potential role of HER-2/neu gene amplification 
and/or overexpression in the clinical management of women 
with breast cancer has been controversial since the first 
report. 1 The initial debate was whether HER-2/wew alter- 
ations correlated with poor clinical outcome in any group of 
women with breast cancer. 42 " 45 Subsequently, HER-2/«ew 
overexpression was accepted as a predictor of disease-free 
survival or overall survival in women with node-positive 
breast cancer 46 Although some studies clearly demonstrate 
that node-negative patients with HER-2/Ww amplification/ 
overexpression also have shorter disease-free survival or 
overall survival, 6 " 9,16 others have disputed this associa- 
tion. 23,45,47,48 Some investigators have suggested that the 
differences in clinical outcome observed among patients 
with HER-2/wew-overexpressing node-positive breast can- 
cer are associated not with biologic behavior of the breast 
cancer cells but rather with responsiveness to treatment, 46 
accounting for the differences observed in node-negative 
and node-positive breast cancers. However, several studies 
of clinical outcome among women with node-negative 
breast cancer treated solely by surgery demonstrated signif- 
icant survival benefits associated with low expression of 
HER-2/rcew compared with HER-2/rcew overexpres- 
sion. 6,7, 14,1 6 Lack of agreement among these studies may 
also be related to the differing sensitivities and specificities 
of the assay methods used to assess HER-2/wew as a 
prognostic marker 6,32 and to lack of statistical power of 
some of the studies. 6 ' 8 Although HER-2/neu gene amplifi- 
cation or overexpression seems to be a marker of poor 
prognosis in both node-negative and node-positive breast 
cancer, the major interest in this alteration is related to its 
utility as a predictive marker of responsiveness to treatment. 



Some studies have shown HER-2/wew overexpression 
predicts responsiveness to high-dose doxorubicin chemo- 
therapy, 20,25 lack of responsiveness to cyclophosphamide, 
methotrexate, and fluorouracil chemotherapy, 12,23 and lack 
of responsiveness to tamoxifen therapy. 26,28 However, 
HER-2/wew 's role as a predictor of responsiveness to ther- 
apy has been questioned because these initial observations 
have not been confirmed in some subsequent investiga- 
tions. 24,49 Recently, a recombinant humanized, anti- 
HER-2/new antibody, known as trastuzamab, was ap- 
proved by the FDA for treatment of women with 
metastatic breast cancer whose tumors overexpress HER- 
2/neu. Although trastuzamab has shown efficacy in this 
clinical setting, the response rate has been variable in the 
initial clinical trials. 50 " 52 

A major problem when interpreting the published studies 
of HER-2//iew in the clinical setting is that different methods 
have been used to evaluate HER-2/«ew alterations. These 
methodologic differences likely contribute substantially to 
these conflicting results and, therefore, conflicting conclu- 
sions related to HER-2/neu. The primary method used in the 
majority of these published studies is immunohistochemis- 
try using archival, paraffin-embedded tissue blocks. How- 
ever, this method is not performed consistently across 
laboratories. Furthermore, few of these laboratories have 
validated their immunohistochemical staining assessments 
using standardized specimens with known molecular 
changes. We previously demonstrated that available anti- 
bodies commonly used for immunohistochemistry have a 
wide range of sensitivities when used in molecularly char- 
acterized, archival, paraffin-embedded specimens. 32 None 
of the tested antibodies identified all of the known HER-2/ 
new-amplified, overexpression breast cancers. These anti- 
bodies were developed from animals immunized with na- 
tive, nonfixed HER-2/wew protein as antigen. Therefore, it is 
not surprising that HER-2/new would not be recognized in 
some formalin-fixed breast cancer specimens because none 
of the HER-2//?ew antibodies were produced using formalin- 
fixed HER-2//iew protein as antigen. 
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Our previous evaluation of HER-2/wew antibodies 32 has 
been criticized because epitope retrieval methods were not 
used in our evaluation, the peroxidase antiperoxidase tech- 
nique was used with all antibodies, and small samples of 
each tissue specimen were used. 31,53,54 The primary goal of 
our previous study was to demonstrate that differences in 
antibody sensitivity could account for the differing conclu- 
sions about HER-2/rtew's clinical utility described among 
published articles. At the time our study was conducted, 
none of the published articles had used heat-induced epitope 
retrieval as part of the immunohistochemical procedure. As 
we described in our article, "although the sensitivities of 
various antibodies have been characterized under the de- 
scribed routine conditions permitting more rational selec- 
tion of immunostaining reagents, it is anticipated that there 
will be further improvements in HER-2/wew sensitivity in 
paraffin-embedded tissues as more antibodies become avail- 
able for testing and as techniques for immunostaining 
improve. For example, the sensitivity of several of these 
antibodies is enhanced by 'antigen retrieval 1 with micro- 
wave pretreatment of the tissue sections". 32 We consider the 
use of a single immunostaining detection system in the 
previous study to be important for comparison between 
different antibodies on an equal basis. Therefore, the iden- 
tified differences are due to differences in the primary 
antibodies and not due to differences in detection systems. 
Finally, we consider the use of small specimens to be an 
important asset in the study design because it ensured that 
the same area of the specimen was evaluated with each 
antibody, ensuring consistency in the comparison areas. 

Our primary objective in the current study is different 
from the previous study. It is well-recognized that differ- 
ences in the methods used to evaluate UER-2/neu can lead 
to substantial differences in conclusions regarding clinical 
utility. Our goal in this study is to compare FDA-approved 
assay methods with one another and with our own in-house 
immunohistochemistry assays to determine which of these 
is the most accurate. 

Variability in sensitivity is expected because formalin- 
fixation and paraffin-embedding adversely effect antigenic- 
ity and immunostaining of the vast majority of protein 
antigens and the ability of antibodies to recognize their 
epitope varies from antibody to antibody. Hence, one 
expects that formalin-fixation and paraffin-embedding will 
be associated with reduced immunostaining relative to that 
observed in frozen tissue sections from the same specimen. 2 
Many believe that the loss of antigenicity in paraffin- 
embedded specimens can be corrected by application of 
heat-induced antigen retrieval to the paraffin-embedded 
tissue sections such as is performed with the DAKO 
Herceptest. However, once again, this approach has not 



PRESS ET AL 

been validated before introduction of these reagents and 
methods by systematic evaluation of clinical breast cancer 
specimens with known amplification/overexpression levels. 

In September 1998, the DAKO Herceptest was approved 
by the FDA to evaluate HER-2/new expression for patient 
eligibility to receive trastuzamab treatment. The evaluation 
consisted of a comparison of immunostaining obtained with 
the Herceptest to immunostaining obtained with the "Clin- 
ical Trials Assay" (CTA) previously used by Genentech, 
Inc, to screen patient tumors for entry to their pivotal 
trastuzamab clinical trials (H0648, H0649, and H06 50). 36 38 
The CTA used CB1 1 and 4D5 mouse monoclonal antibod- 
ies with an indirect avidin-biotin technique to detect HER- 
2/neu membrane receptor protein. Immunostaining with the 
Herceptest was found to be in agreement with the immuno- 
staining result obtained from the CTA assay in 79% of 548 
paraffin-embedded breast cancer specimens. The Ventana 
Pathway CB 1 1 immunohistochemical assay was approved 
by the FDA as a diagnostic assay to aid in the selection of 
patients likely to benefit from trastuzamab therapy in 
November, 2000. Approval of the CB 1 1 Pathway assay was 
based on concordance analysis between the DAKO Her- 
ceptest and Pathway CB11 assays. Immunostaining with 
Pathway CB11 was found to be in agreement with the 
Herceptest in 86% of 450 paraffin-embedded breast cancer 
specimens. Neither of these immunohistochemical assay 
comparisons was performed with specimens molecularly 
characterized for UER-2/neu gene amplification or overex- 
pression. None of the specimens used for comparison had 
clinical outcome information available nor were any of 
these women part of a trastuzamab clinical trial. 

In the past, few investigators have provided data related 
to the screening or evaluation of HER-2/neu antibodies for 
use as immunohistochemical reagents, especially in forma- 
lin-fixed, paraffin-embedded tissue sections before using 
those antibodies to analyze study cohorts. 6 * 32 ' 55 Conse- 
quently, the conclusions of prognostic marker evaluations 
and predictive marker studies performed using these un- 
characterized immunohistochemical assays are open to 
criticism. Currently, several groups have reported immuno- 
histochemical staining with primarily the DAKO HercepT- 
est or the Ventana immunohistochemical assay using CB1 1 
monoclonal antibody. Some groups have compared immu- 
nohistochemical staining with these reagents to gene ampli- 
fication determined by FISH with either the Vysis assay or 
the Ventana assay systems. 31,54 

In our current study, FISH analyses were compared with 
immunohistochemical assay evaluations of a group of 
molecularly characterized breast cancer cases. FISH of the 
HER-2/neu gene involves hybridization of a specific DNA 
probe with sequences complementary to the gene to permit 
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assessment of the number of copies of this gene in individ- 
ual tumor cell nuclei. FISH technology combines the 
advantages of molecular methods permitting localization of 
HER-2/neu gene copies in morphologically identified tumor 
cell nuclei. Immunohistochemistry involves recognition of 
antigenic determinants of pl85 HER ' 2/rtew in the tumor cell 
membranes and permits a cell-by-cell assessment of protein 
expression. However, HER-2/neu immunohistochemistry suf- 
fers from a lack of characterization of which fixatives or 
fixation times are suitable for preservation of antigen immu- 
noreactivity, lack of adequate internal immunostaining con- 
trols, and subjective assessment of membrane immunostaining. 
Although the range of fixatives most appropriate for FISH are 
also not characterized, the use of normal cells, present in each 
breast cancer specimen, as internal hybridization controls to 
confirm localization of an average of two HER-2/neu gene 
copies and two chromosome 17 centromeres per normal cell 
nucleus permits an assessment of the appropriateness of the 
results. Both FISH and immunohistochemistry are applicable 
to tumors of all sizes and can be performed on sections from 
the original specimen blocks used for diagnosis. Further, if 
carcinoma cells were localized rather than diffusely distributed 
within a tumor, amplification would be detectable by FISH but, 
in stroma-rich breast cancers, could be diluted below detect- 
able limits by solid matrix blotting of DNA extracted from the 
tumor due to abundant noncarcinoma cellular DNA. 

Because of confusion about the reliability of various HER- 
2/neu assays for entry onto clinical trials evaluating respon- 
siveness to experimental treatments with trastuzamab and 
because accurate assignment of women with breast cancer for 
clinical management decisions is now so important, we eval- 
uated two FISH assay methods for gene amplification and a 
group of HER-2/neu immunohistochemical assays that are 
either in wide-spread use for clinical testing (Ventana CB1 1 
and DAKO HercepTest) or have been used in our own 
laboratory (R60 and 10H8) for assessment of HER-2/neu 
overexpression, comparing results with these assays to the 
results of HER-2/«ew gene amplification/overexpression ob- 
tained using standard molecular biologic methods. Our find- 
ings demonstrated that the FISH assays have higher sensitivity 
and higher accuracy and more frequently correctly identify 
altered HER-2/neu status (amplification/overexpression) in 
previously molecularly characterized specimens than did the 
FDA-approved immunohistochemistry assays interpreted 
manually. The in-house immunohistochemical assays most 
frequently used in our laboratory had a sensitivity that was 
slightly lower but did not differ significantly from the FISH 
assay results. Based on these findings, if one's selection of 
HER-2/neu assays is restricted to commercially available 
assays, we recommend the use of FISH assays until the 
short-comings of tissue processing, limited antibody 
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sensitivity for fixed antigen, and variable immunohisto- 
chemical scoring can be satisfactorily resolved. At the 
time when these issues are adequately resolved assay 
comparability should be reassessed. 

Standardized thresholds for interpretation of immunohis- 
tochemical staining that can be exported from laboratory to 
laboratory and pathologist to pathologist are needed. Al- 
though manual interpretation of HER-2/wew immunostain- 
ing in our laboratory and in the laboratories of some other 
investigators 53 has been performed in a standardized fash- 
ion, the results obtained by others in other laboratories can 
be quite different. Our approach to manual or subjective 
interpretation of HER-2/neu immunostaining has been dif- 
ferent from that of several other investigators. Few have 
used our in-house reagents because they have been pro- 
duced in our laboratories and are not commercially avail- 
able. 2 * 18,35 Our approach to scoring immunostaining also 
differs from that of other investigators. Some have used the 
percentage of immunostained tumor cells to score overex- 
pression with membrane immunostaining with a certain 
percentage of positively stained tumor cells considered 
overexpression, 20 ' 24 ' 28 - 29,56 ' 57 whereas we consider mem- 
brane intensity, not percentage of stained cells, to be the 
most important criterion. Our experience with frozen tissues 
demonstrates relatively little cell-to-cell heterogeneity 
within a given cancer. Cancers with amplification and 
overexpression have overexpression in essentially all tumor 
cells to a similar level. 2 ' 18 However, formalin-fixation and 
paraffin-embedding of tumor tissue from breast cancers 
previously evaluated as frozen specimens demonstrates both 
a loss of immunoreactivity and the introduction of hetero- 
geneity that was not present in the original material. 2,6 

In contrast to the experience of some investigators, 30,3 1 in 
this study we had an exceptionally low rate of false-positive 
results observed with heat-induced antigen retrieval per- 
formed with the DAKO HercepTest immunohistochemical 
assay. However our false-negative rate was significant. 
There were no characteristics of the immunostains (or the 
tumor morphology) that permitted us to predict which cases 
would be false-negatives with any of the immunohisto- 
chemical stains. This high false-negative rate and low 
false-positive rate may be related to differences in tissue 
processing because our tissues were processed in buffered 
formalin not in alcoholic formalin. 30 ' 3 J However, the prob- 
lem of wide variability in interpretation of HER-2/new 
immunostaining has become increasingly apparent. The 
high false-positive results observed by some investigators 
may not be only due to differences in tissue fixation and 
specimen processing, they may be related to differences in 
interpretation of the immunostained specimens. For exam- 
ple, in our clinical reference laboratory we have observed 



3104 



PRESS ET AL 



substantial variability in the interpretation of HER-2/wew 
status for immunostained slides or tissue samples provided 
to obtain a second or third opinion (unpublished data). 
These preliminary results showed agreement of our labora- 
tory assay results and interpretations with the immunohis- 
tochemistry assays performed and interpreted by outside 
pathologists in only approximately 53% of cases with regard to 
interpretation of HER-2/neu overexpression versus low expres- 
sion status (2+/3+ v 0/1 +). Similarly, a review of the first 680 
cases analyzed in our centralized Breast Cancer International 
Research Group (BCIRG) laboratory for evaluation of HER- 
2/neu gene amplification as part of the entry criteria for 
BCIRG005 and BCIRG006 clinical trials demonstrated con- 
cordance with the outside or local immunohistochemistry 
staining result in only approximately 83% of breast cancers 
(unpublished data). Most of these discrepancies with outside 
laboratories in both our reference laboratory specimens and our 
BCIRG Central Laboratory specimens were false-positive 
results in the outside laboratory. 

In addition to differences in tissue processing, assay 
reagents used in immunohistochemistry and differences in 
performing the immunohistochemical assay with or without 
antigen retrieval and differences in subjective interpretation 
of the assay can lead to substantial differences in assessment 
of overexpression in immunohistochemical assays. Such 



striking variability in interpretation of FISH results has not 
been demonstrated. The College of American Pathologists 
(CAP) reported the CAP survey results for proficiency in 
HER-2/neu testing. 58 In contrast to the results from immu- 
nohistochemistry laboratories, complete concordance was 
observed among the results obtained from laboratories 
performing FISH assays. 58 Our experience has been similar 
with FISH in our centralized BCIRG laboratory compared 
with FISH performed in referring laboratories showing a 
concordance rate of 96% (unpublished data). 

In conclusion, FISH assays proved to be highly sensitive 
and specific for detecting HER-2/neu gene amplification. 
Although less sensitive, our interpretations of in-house 
immunohistochemical assays were not significantly differ- 
ent from the FISH assays for identification of overexpres- 
sion. However, two commercially available, FDA-approved 
immunohistochemical assays were significantly less sensi- 
tive at detecting breast cancers with overexpression and 
were, therefore, less accurate. 
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